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WA VELENGTH AND FREQUENCY NOMENCLATURE 


At the Atlantic City conference of 1947 it was recommended that wave- 
lengths and frequencies of radio waves should be classified as follows: 


Frequency Range 
i 
Frequency Subdivision 
Wavelength Range 
Sddivision 
I 
I wa"eiength 


below 30 kc/s 
30-300 kc/s 
300-3,000 kc/s 
3,000-30,000 kc/s 
30,000 kc/s-300 MC/S 
300-3,000 Mc/s 
3,000-30.000 Mcls 
30.000-300,000 Mc/s 


Myriametric 
kilometric 
Hectometric 
Decametric 
Metric 
Decimetric 
Centimetric 
Millimetric 


Very low frequency (VLF) 
Low frequency (LF) 
Medium frequency (MF) 
High frequency (HF) 
Very high frequency (VHF) 
Ultra high frequency (UHF) 


The term microwave is generally used to denote radio waves with a wave- 
length of less than approximately 1 metre, i.e., it includes decimetric, centi- 
metric and millimetric waves. 


above 10,000 metres 
10,000-1,000 metres 
1 ,000-100 metres 
100-10 metres 
10-1 metres 


, 100-10 centimetres 
Super high frequency (SHF) 
10-1 centimetres 
Extremely high frequency 
10-1 millimehzs 
(EHF) 
I 
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MICROWAVE VALVES 


1. LIMITATIONS OF CONVENTIONAL VALVES AND 
COMPONENTS AT HIGH FREQUENCIES 


1.1 INTRODUCTION 
Radio links are extensively used by the BBC for conveying video signals 
from television outside-broadcast points to distribution centres, the carrier 
frequencies being generally in the u.h.f. and s.h.f bands. The specialised 
valves, such as klystrons, used to generate and amplify signals at these 
frequencies operate in modes unlike those of the triodes and pentodes used 
at medium and high frequencies. The aim of this booklet is to explain the 
failure of conventional valves as the frequency of operation is raised, and to 
set out the working principles of the various types of microwave valve. The 
appreciation of these principles requires some knowledge of transmission 
lines, waveguides and cavity resonators; the first half of the text is therefore 
devoted to these topics. The latter half of the text describes the microwave 
valves used by the BBC but, for the sake of completeness a brief treatment 
of other types (such as the magnetron) is also included. 


1.2 FACTORS 
AFFECTING 
THE PERFORMANCE 
OF CONVENTIONAL 
VALVES 
AND 
COMPONENTS 
AT HIGH FREQUENCIES 
A large number of the stages in transmitters and receivers consist of valves 
with resonant circuits as output loads; r.f. amplifiers, i.f. amplifiers and 
oscillators are obvious examples of such stages. At frequencies such as 
1 Mcjs, there is no difficulty in securing stage gains as high as several hundred 
from conventional valves, inductors and capacitors but, as frequency is 
raised, the stage gain obtainable decreases. At 10 Mc/s, for example, a stage 
gain of nearly 100 is possible but at 100 Mc/s it is difficult to obtain a gain of 
10. This fall in gain is partly due to effects in the valves tending to reduce the 
working mutual conductance and partly to effects in the resonant circuits 
causing lower dynamic resistance. These effects increase in importance as 
frequency is raised and, in fact, set an upper limit to the frequency at which 
conventional valves and components can be effectively employed. This 
limit occurs between 100 Mc/s and 1,000 Mc/s and at higher frequencies it is 
necessary to use the specialised valves and components described in this 
booklet. First, however, we shall describe the nature of the effects which 
limit the performance of conventional valves. These effects may be classified 
under the following headings: 
1. Transit-time effects 
2. Effects of stray inductance and capacitance 
3. Effects of power losses 
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1.2.1 Transit-time Eflects 
An electron takes a finite time to cross the space between the cathode and 
control grid of a valve; because of this there is a small time lag between the 
application of a voltage to the grid and the resultant change in density of the 
electron stream passing through the meshes of the grid. At low frequencies 
this transit time is a very small fraction of the periodic time of signals applied 
to the grid and the action of the valve may be considered as instantaneous; 
that is to say any changes in grid potential produce instantaneous changes in 
the density of the electron stream. As frequency is increased, however, the 
periodic time becomes less and transit time becomes a larger proportion of 
the period. This has a significant effect on the input impedance of the valve 
which can be explained qualitatively by considering the currents induced in 
the grid circuit by moving electrons. 
As electrons approach the grid, they repel electrons initially in the grid 
away from it and into the source of external signal. This movement of 
electrons constitutes a current flowing in the circuit comprising the signal 
source and the gridcathode path of the valve. This current arises from the 
voltage of the signal source and implies that this source is loaded by the 
connection of the valve across it; this is another way of saying that the valve 
has a definite input impedance. At low frequencies this is mainly capacitive 
and, in fact, is approximately equal to the reactance of the gridcathode 
capacitance. At high frequencies however the input impedance has a resistive 
component and it is the damping effect of this resistance on the signal source 
which is partly responsible for the reduced gain of the valve at hlgh fre- 
quencies. In Appendix 1, the effect of transit time on the input impedance 
is examined quantitatively and it is shown that if the impedance between 
grid and cathode is regarded as capacitance and resistance in parallel, the 
value of the resistance is approximately inversely proportional to the square 
of the frequency. 
Transit time has an analogous effect on the output impedance, i.e., the 
anode a.c. resistance of a valve. If the time taken for electrons released from 
the cathode to reach the anode is an appreciable fraction of the period of the 
applied signal, the effective anode a.c. resistance is less than at lower fre- 
quencies for which the transit time is a negligible fraction of the period. The 
value of the anode a.c. resistance usually quoted by valve manufacturers is 
that which applies at low frequencies. 
Another effect causing gridcircuit loading is produced by the grid-anode 
capacitance of the valve (Miller effect). At low frequencies, if the anode 
circuit is purely resistive, the anode and grid voltages are in antiphase and the 
input impedance of the valve is purely capacitive. If the anode circuit is 
capacitive, the anode voltage lags on the antiphase condition and the input 
impedance has a resistive component. At high frequencies the anode current 
lags on the grid voltage because of transit time delays, both from cathode to 
grid and from grid to anode, and, even for a purely resistive load, the anode 
voltage lags on the antiphase condition giving an appreciable resistive 
component in the input impedance. 
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An idea of the order of magnitude of the transit-time effect is given by the 
following figures for a small receiving-type pentode. At 1 Mc/s the effective 
grid-cathode shunt resistance is 10 MR and the anode a.c. resistance 1 MR 
but at 50 Mc/s the input resistance is only 4,000 ohms and the anode a.c. 
resistance 50,000 ohms. In an amplifier a valve load is shunted by these 
resistances in parallel and the smaller of the two, namely the input resistance 
is the more important. This resistance is approximately inversely proportional 
to the square of the frequency and is therefore 1,000 ohms at 100 Mcjs. 
This is a serious shunt on the anode of the previous valve and restricts the 
load impedance of this valve to less than 1,000 ohms. If the mutual con- 
ductance is 6 mA/V, the gain of the stage cannot exceed 6. 
The transit time may be reduced by decreasing the inter-electrode spacing 
or by increasing the accelerating voltages. The first method increases the 
inter-electrode capacitances unless the electrode area is also reduced and a 
reduction in area is a disadvantage because it reduces the power the valve can 
safely dissipate. Increasing the accelerating voltages has the disadvantage of 
increasing the dissipation of the valve. 


1.2.2 Efects of Stray Inductance and Capacitance 
The electrodes of a valve and the leads connecting them to external com- 
ponents have inductance and capacitance. In general these have undesirable 
effects on the performance of an amplifier. Before discussing these effects 
we shall briefly mention the considerations which govern the choice of 
inductance and capacitance values for tuned amplifiers. 
The resonance frequency f of an LC circuit is given by 


and, to obtain high resonance frequencies, a small LC product is necessary. 
Ideally it is desirable to keep the dynamic resistance of the resonant circuit 
constant in spite of the increased frequency because the gain of the valve is 
proportional to this. The dynamic resistance R d is given by 


and, as Q values do not vary very greatly with variations in L, to obtain 
constant dynamic resistance the ratio of inductance to capacitance should be 
kept constant. The inductance and capacitance of a resonant circuit should 
therefore be reduced in approximately the same ratio to obtain higher 
resonance frequencies. Thus if L = 160 p H and C = 160 pF at 1 Mc/s, L 
should be 16 p H and C 16 pF at 10 Mc/s. At 30 Mc/s L should be approxi- 
mately 5 p H and C approximately 5 pF. These values are listed for conveni- 
ence in the accompanying table. 
A typical value for the stray capacitance of an r.f. amplifier is 10 pF, 
which exceeds that quoted in Table I for a frequency of 30 Mcls. To tune a 
circuit to 30 Mc/s with the 10 pF strays requires an inductance of 2-5 p H 
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and the dynamic resistance is half the medium-frequency value, causing a 
corresponding fall in gain. There are a number of examples in radio in which 
tuning capacitance is provided solely from stray, chiefly valve input capacit- 
ance. This technique is often used in the if. amplifiers of television receivers, 
resonance being obtained by adjustment of the inductance. 
The above argument suggests that it may be difficult to design circuits to 
resonate at frequencies above 30 Mc/s (e.g. in the v.h.f. band) because the 
stray capacitance may greatly exceed that needed for tuning. If attempts 
are made to obtain high dynamic resistance at such frequencies, this difficulty 
is a very real one but in general, at frequencies above approximately 30 Mc/s 
there is little point in attempting to obtain a high dynamic impedance. For 
reasons we shall now discuss the L and Q values must both be kept small. 
The type of radio transmission carried on in the v.h.f. band (frequency 
modulation and television) requires a bandwidth* much wider than that 


TABLE I. 
INDUCTANCE 
AND CAPACITANCE 
VALUW REQUIRED TO GIVE CONSFANT 
DYNAMIC 
IMPEDANCE 
AT VARIOUS RESONANCE 
FREQUENCIES. 
IT IS ASSUMED 
THAT Q IS CONSTANT. 


Frequency I 
Inductance 
, 
in M c / s 
in yH 


1 


occupied by the amplitude-modulated signals below 30 Mcls. This usually 
implies that the Q value should be smaller than that available from conven- 
tional components. For example a television transmission on a camer fre- 
quency at 45 Mc/s may require a bandwidth of 3 Mcls, and to obtain this 
from a single LC circuit resonant at 45 Mc/s requires a Q value no higher than 
15. Such a circuit has a response which is 3 db down at 1.5 Mc/s from reson- 
ance, and higher values of Q will result in attenuation of the outermost 
sidebands. Most inductors likely to be used at 45 Mc/s have a Q value 
greater than 15 and this must be artificially reduced to the desired value. A 
resistor connected across the LC circuit makes perhaps the easiest way of 
reducing the effective Q value and sometimes it is possible to arrange for the 
necessary value of resistance to be supplied by the input impedance of the 
valve to which the resonant circuit is connected, so putting to good use the 
resistive component of the valve input impedance. 
The effect which the valve damping has upon the circuit Q depends on the 
initial dynamic resistance of the LC circuit, and the greater the initial dynamic 
resistance is made, the less does the useful Q value become. It is therefore 


Cap;: 


in pF 


* Bandwidth is usually defined as the difference in frequency between the two points 
at which the response is 3 db down. 
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possible, by suitably choosing the dynamic resistance, to obtain a desired 
Q value. The dynamic resistance is controlled by adjustment of the L/C 
ratio, high values of L/C giving high dynamic impedances. 
As an illustration suppose a circuit is required to resonate at 45 Mc/s and 
to have a bandwidth of 3 Mc/s. The necessary Q value has already been 
calculated as 15. Suppose the valve shunt input resistance is 4,000 ohms at 
45 Mc/s and that a Q value of 100 can be expected from an undamped circuit. 
What values of L and C are required? 
If the dynamic resistance of the undamped circuit is large compared with the 
valve input resistance we can say that the effective dynamic resistance in the 
presence of the valve is approximately 4,000 ohms. Thus 


Substituting & = 15 and w = 2x x 45 x 10" we have 


To tune such an inductor to 45 Mc/s requires a capacitance given by 


This is larger than the likely value of stray capacitance and can be realised 
practically. It is, of course, the low value of the valve damping resistance 
which has brought the capacitance up to a realisable value. 
If this calculation is repeated for higher frequencies it is found that smaller 
capacitances are, in general, required to give resonance and, in fact, a 
frequency is ultimately reached at which the irreducible minimum value of 
stray capacitance is too' great. Thus it may be said that stray capacitance sets 
an upper limit to the frequency at which conventional coils and capacitors 
can be used for tuning purposes. 
At frequencies above approximately 100 Mc/s the inductance of connecting 
leads can have appreciable effects on amplifier performance. To illustrate 
this consider a typical connecting lead consisting of 2 inches of 22 SWG 
conductor; this has an inductance of 0.05 pH approximately. The input 
capacitance of a valve may be taken as 10 pF and this resonates with the lead 
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inductance at 230 Mcls. At this frequency, therefore, the lead to the valve 
grid forms a series resonant circuit with the shunt' capacitance and short- 
circuits the source of input signal. At frequencies above resonance the short 
circuit does not exist but the lead inductance and valve capacitance form a 
potential divider across the source and attenuate the input to the valve. At 
500 Mcjs, the inductive reactance is 160 ohms and the capacitive reactance 
30 ohms giving a loss of 12 db and this loss increases at the rate of 12 db for 
every doubling of frequency. This emphasises the need to keep shunt 
capacitance at a minimum and leads as short as possible in amplifiers working 
at frequencies above 100 Mc/s. 
The inductance of the external and internal cathode leads of a valve has 
another undesirable effect in a high-frequency amplifier additional to that 
already mentioned. This lead is common to the input and output circuits of 
the valve and its impedance gives rise to feedback which affects the gain. The 
reactance of the lead is, of course, proportional to frequency and the feedback 
voltage thus increases with frequency causing the gain to fall. Short leads 
are necessary to minimise this effect and in some v.h.f. valves the internal 
cathode-lead inductance is reduced by using a number of connecting leads in 
parallel. An alternative method of minimising the feedback is to use two 
independent internal cathode leads, one of which is connected to the input 
circuit and the other to the output circuit. Circuits using both types of valve 
are given later in this section. 
The effects of stray inductance and capacitance are not confined to valves 
but can cause other components to behave in undesirable ways. For example 
at very high frequencies the inductive reactance of the foil and connecting 
leads of a capacitor may be great enough to make the capacitor, as a whole 
inductive. Moreover an inductor may be capacitive if used at a frequency for 
which the reactance of its self-capacitance is smaller than the inductive 
reactance, that is to say if it is used at a frequency above that of its natural 
resonance. 


1.2.3 Power Losses 
A number of additional factors tending to reduce gain become of increasing 
importance as frequency is raised. These are sources of power loss and can 
be classified as skin effect, proximity effect, dielectric and radiation losses. 
Skin effect is due to the redistribution of an alternating current over the 
cross section of a conductor which occurs when the frequency is increased. 
The current tends to flow mainly in the outer layers of the conductors causing 
an increase in resistance and power loss. Proximity effect is an allied pheno- 
menon tending to increase losses when a number of current-carrying 
conductors are in close proximity as in an inductor. Dielectric losses occur 
in equipment whenever conductors at differing high-frequency potentials are 
separated by insulating materials and are due to dissipation in the series 
resistance of the dielectric by the high-frequency currents flowing between the 
conductors. To minimise such losses the materials used for such components 
as valve holders and the glass of valve envelopes must be chosen with care. 
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Radiation losses occur in a conductor carrying alternating current due to the 
establishment of the external electromagnetic field and these increase as 
frequency increases and the conductor length becomes a larger fraction of the 
wavelength. At very high frequencies the radiation loss of a lead only a few 
inches long can be serious and tuning elements have the form of concentric 
lines or hollow metal cavities which are completely screened and do not 
radiate. 
To illustrate the methods adopted to overcome or minimise the effects of 
the limitations described above, a number of types of r.f. amplifier are now 
described. These circuits employ conventional valves and components and 
are typical of those used for amplification at frequencies within the range 
100 kc/s to approximately 300 Mc/s. To obtain worthwhile gain at higher 
frequencies the specialised valves and components described later must be 
used. 


1.3 TYPICAL 
R.F. AMPLIFIER CIRCUITS 
Fig. 1 gives the circuit of an r.f. amplifier of the type commonly used at 
low and medium frequencies (up to 3 Mcls). No special precautions need 
to be taken to keep leads short or stray capacitance low, and high stage gains 


FIG. 1. 
OF R.F. AMPLlFIER SUITABLE FOR USE AT LOW AND MEDIUM FREQUENCIES 


are possible. Even with average components and valves it is easily possible 
to obtain a stage gain of 100 and with high-Q inductors and high-gm valves a 
stage gain greater than 1,000 is possible. 
This circuit can be used satisfactorily at frequencies up to 10 Mc/s but the 
available stage gain becomes less as frequency is raised and at high frequencies 
more attention must be paid to the layout of components to rninimise stray 
inductance and capacitance. 
The avoidance of stray inductance becomes very important at still higher 
frequencies and the type of circuit commonly employed at frequencies of 
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approximately 30 Mc/s is illustrated in Fig. 2. To minimise lead lengths the 
earth connections for L1, C1, C2, etc., are all returned to one point situated 
as near to the cathode of the valve as possible. A stage gain of approximately 
30 can be obtained from such a circuit. 


FIG. 2. CIRCUIT 
OF R . F . AMPLIFIER 
SUITABLE FOR USE AT A FREQUENCY 
OF APPROXIMATELY 
30 Mc/s 


At higher frequencies, up to approximately 100 Mc/s, the effects of cathode- 
lead inductance become prominent and valves with two or more cathode 
connections are employed. Two circuits are given in Fig. 3 and in these the 


FIG. 3. CIRCUITS 
OF R.F. hPLlFIERS SUITABLE FOR USE AT FREQUENCIES 
BETWEEN 30 AND 
100 Mc/s. bcurr (a) USES A VALVE WKH TWO CATHODE 
CONNECTIONS 
AND (b) A VALVE 
wmi MULTIPLE 
CATHODE 
CONNECTIONS 


tuning capacitance is wholly due to stray and inter-electrode sources, tuning 
being effected by adjustment of inductance, e.g. by movement of a dust-iron 
core as suggested in the diagram. To avoid feedback due to the inductance 
in Rk or C k 
or their leads, the grid circuit in (b) is returned via C2 directly 
to the valve cathode connection, grid bias being applied via R2. 


R . F . AMPLIFIERS 


The degenerative effects of cathode-lead inductance can also be offset 
to some extent by the use of an unbypassed resistor in the cathode circuit; 
a commonly-used value is 47 ohms. Such a resistor also has the effect of 
making the input resistance and capacitance of a valve substantially indepen- 
dent of the grid bias, and enables the gain of the valve to be controlled by bias 
variation without appreciable change in input capacitance. This is important 
because of the common practice of tuning the input inductor by valve and 
stray capacitance only; any change in input capacitance can produce appreci- 
able mistuning. Variations in input resistance are also undesirable because 
they may cause changes in bandwidth and in the gain of the previous stage. 
The gain obtainable from such an amplifying stage depends primarily upon 
the bandwidth required; the wider 
the bandwidth the less is the gain 
possible at a given carrier fre- 
quency from a given valve. At 
5 Mc/s bandwidth and 90 Mc/s 
carrier frequency, a gain of 10 is 
readily possible. 
At higher frequencies (up to 
approximately 300 Mc/s) r.f. am- 
plifiers commonly use grounded- 
grid triodes. A typical circuit is 
given in Fig. 4. The grid of the 
valve is earthed and the input is 
IN 
applied between cathode and 
eaith, the components RkCr pro- 
viding grid bias. The grid acts as 
an electro-static screen between 
input and output circuits and no 
neutralising capacitor is normally 
'. A GROUNDEDGRLD 
R.F. 
AMPLIFIER 
necessary 
as 
in 
grounded- 
cathode triode r.f. amplifiers. The 
resonant circuit LlCl is heavily damped by the input resistance of the valve 
which is given by approximately l/g, (200 ohms if g, is 5 mA/V). Thus little 
gain or selectivity can be obtained from the input LC circuit and unless the 
amplifier is required to have a very wide bandwidth, the tuning of the input 
circuit can be pre-set. The gain of the valve is reduced by current feedback in 
LlCl but it is nevertheless possible to obtain a gain of 4 at 200 Mc/s and a 
bandwidth of 6 Mc/s, the signal-noise ratio being superior to that obtainable 
with a pentode because of the absence of partition noise.* 
It is common practice in r.f. amplifiers at these frequencies to use a 
grounded-grid stage in conjunction with a grounded-cathode stage and the 


* Partition noise is due to the division of the electron stream from the cathode between 
the screen grid and anode. Although the ratio of screen-grid to anode current is sub- 
stantially constant over a long period of time, it does vary slightly from instant to instant, 
these variations causing noise in the output circuit. 
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two triodes may be the two halves of a double valve. One example of such a 
circuit is given in Fig. 5. The input stage is a grounded-cathode type and the 
input impedance is high enough to permit appreciable gain from the tuned 
input circuit LlCl. The inductor L1 is tapped to give a low input impedance 
such as is required when the source is of low impedance, e.g. an aerial feeder. 
The output of V1 feeds into the cathode of V2 which is a grounded-grid 
stage. The inter-valve coupling circuit is, in effect, a parallel-tuned circuit 
damped by the input (cathode) resistance of V2. The effective inductance is 
that of L3 and LA in parallel and the capacitance is composed of V1 output 
capacitance and V2 input capacitance in parallel. The effective capacitance 
is fixed but the inductor values are chosen to give resonance at the centre of 
the frequency band over which the amplifier is required to operate. The 


FIG. 5; AN R.F. AMPLIFIER 
FOR USE AT FREQUENCIES 
UP TO 300 MC/S USING A 
GROUNDED-CATH~DE 
AND A GROUNDED-GRID 
STAGE 


effective anode load for V1 is the cathode impedance of V2 (approximately 
I/g,) and its gain is approximately unity. Thus there is no need for neutralis- 
ing and the amplifier is perfectly stable. The output tuned circuit L2C2 is 
shunt fed from the anode of V2 by means of the resistor R. and capacitor C3. 
Fig. 6 shows an alternative arrangement of a double-triode r.f. amplifier 
This circuit includes tuned input and output transformers, LlCl and L2C2 
respectively but has an inter-valve coupling circuit different in form from 
that of Fig. 5. This circuit employs a seriesconnected inductor L3 which, 
with V1 output capacitance and V2 input capacitance, forms a x-section 
network whereas a parallel-tuned circuit is used for coupling in Fig. 5. By 
choosing the inductance of L3 correctly the x-network can be designed to 
match the output resistance of V1 to the input (cathode) resistance of V2 at 
the operating frequency. L3 thus behaves as a tuning element and its value 
may require adjustment if the amplifier is required to operate over a wide 
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frequency band. V2 has no automatic cathode bias circuit but grid bias is 
obtained by grid current in RI. 
The gain of a double-triode r.f. amplifier of the type shown in Fig. 5 or 
Fig. 6 is equal to that of a pentode with the same mutual conductance and the 
same output load. The load value depends on the damping thrown across 
L2C2 by the following stage and this together with LlCl also determines the 
effective bandwidth of the amplifier. Gain and bandwidth are thus inter- 
dependent and a two-stage ampli- 
fier of this type can give a gain of 
approximately 4 at 200 Mc/s and 
12 Mc/s bandwidth. 
The circuits which have been 
discussed show how the inter-elec- 
trode capacitance of the valves 
plays an increasing part in deter- 
mining the frequency of operation 
v2 
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FIG. 6. AN ALTERNATIVE ARRANGEMENT 
OF A DOUBLE-TRIODE R . F . AMPLIFIER 
SUlTABLE FOR USE AT FREQUENCIES 
UP TO 300 MC/S 


as frequency is increased. In microwave valves this process is carried to 
its logical conclusion and the operating frequency is entirely determined 
by the inductance and capacitance of the valve electrodes. The operating 
frequency is thus dependent on the dimensions and construction of the 
valve electrodes and is independent of the values of external compo- 
nents. Tuning can be effected by physical deformation of the electrodes 
(as in the reflex klystron) but there are electronic methods of adjusting the 
frequency which do not require physical movement of the electrodes. 
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2. ELECTROMAGNETIC WAVES 
21 INTRODUCTION 
Power loss by radiation of electromagnetic waves was mentioned in the 
previous section as one of the factors limiting the performance of conventional 
r.f. amplifiers as the frequency of operation is raised. In this section we shall 
examine the methods used to minimise this loss at low and microwave 
frequencies and shall show how waves can be 'guided' from one point to 
another with little loss by means of transmission lines and waveguides. First, 
however, we shall briefly discuss the fundamental nature and properties of 
electromagnetic waves and their propagation in free space because this is 
necessary to appreciate the behaviour of such waves in the waveguides and 
cavity resonators used at microwave frequencies. 


2.2 
ELECTROMAGNETIC 
WAVES IN FREE SPACE 
A vertical conductor carrying a steady current gives rise to a magnetic 
field in the form of concentric circles in the horizontal plane and surrounding 
the conductor as shown in Fig. 7. If the current is alternating the intensity 
of the magnetic field at any point fixed with respect to the conductor, varies 
sinusoidally with time at the fre- 
quency of the current. It is also 
true that at a particular instant of 
time the magnetic field varies sinu- 
soidally with distance as shown 
in Fig. 8. This diagram resembles 
the pattern of ripples formed in 
water when the surface is disturbed 
MAGNETIC 
as, for example, when a stone is 
FIELD 
thrown in. The magnetic field 
pattern, like the ripple pattern, 
appears to spread out from the 
centre with a definite velocity. 
If this moving field cuts a con- 
ductor parallel to the original con- 


CO,.(DUCTOR 
ductor it induces in it an alternat- 
ing voltage at the frequency of the 
FIG. 
7. MAGNETIC FIELD 
DUE TO A CONDUCTOR current in the original (radiating) 
CARRYING A STEADY 
CURRENT 
conductor and this voltage has a 
maximum value at those instants 
when the magnetic field cutting it has maximum intensity. This induced 
voltage could alternatively be attributed to an electric field passing over the 
conductor. To give precisely the same voltage as the magnetic field, this 
electric field must be parallel to the radiator and, at any particular instant, 
its intensity must have a sinusoidal distribution in space as pictured in 
Fig. 9, passing through maxima at those points where the magnetic field 
has maxima. 
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CONDUCTOR 


Magnetic 
intenr,ty 
- - - - - - - - - - - - - - -L - - - - - 


Distancc 4 
FIG. 8. M A Q N ~ C F ~ D 
AT AN I m m DUE TO A CONDU~OR 
CARRYING A.C. 


Elcctric 
intensity 


Distance + '4,"' 
FIG. 9. ELECTRIC 
FIELD AT AN INSTANT DUE TO A ~ N D U C T O R CARRYING A.C. 
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A vertical radiating conductor thus gives rise to a horizontal magnetic 
field and a vertical electric field; the two fields are at right angles to each 
other and to the direction of propagation as shown in the vector diagram of 
Fig. 10. The velocity of propagation is, of course, that of light-approxi- 
mately 3 x 101•‹ centimetres per second. 
4 
DIRECTION OF 
ELECTRIC FIELD 


I 
DIRECTION OF PROPAGATION 


DIRECTION OF 


When such a wave meets a conductor it induces voltages in it and the 
resulting current in the conductor itself gives rise to electromagnetic waves. 
These have the same frequency as the original waves and react with them to 
modify the direction of propagation of the original wave. This is illustrated 
in Fig. 11 which shows a wave incident at an angle on a perfectly-conducting 
surface, the electric field being polarised in planes normal to the surface. 


A 
I 


ELECTRIC FlELD 


The currents induced in the surface have the effect of reversing the direction 
of the electric field. This, in turn, so changes the direction of propagation of 
the wave that it leaves the surface in the direction OB. The behaviour is such 
that the incident wave may be said to be reflected from the surface, the angle 
of reflection r being equal to the angle of incidence i. The reflection of 
electromagnetic waves at conducting surfaces plays an important part in the 
propagation of waves along waveguides. 
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2.3.1 
Two-wire and Co-axial Feeders 
The electromagnetic waves radiated by a conductor carrying alternating 
current absorb power from the current source. In connecting leads this power 
loss is undesirable and precautions are taken to minimise it. The loss is 
negligible if the length of the conductor is small compared with the wave- 


--- 
SEVERAL WAVELENGTHS - -* 


SMALL FRACTION OF WAVELENGTH 


FIG. 12. METHOD 
OF COUPLING A RADIO-PREQUENCY 
SOURCE TO A LOAD WITH NEGLIGIBLE 
Loss OF POWER 


0- 
RADIO -FREQUENCY 


GENERATOR 


length and at low and medium frequencies it is not usually difficult to satisfy 
this condition. There are some applications, however, where conductors long 
compared with the wavelength must be used at such frequencies. For example, 
medium-frequency transmitters are often situated at some distance from the 


r4 
LOAD 
L, 


aerial and it is necessary to couple 
the two together by some method 
which minimise radiation loss. 
One method is illustrated in 
Fig. 12 which shows a radio-fre- 
quency generator coupled to a 
load by two parallel conductors 
several wavelengths long. At any 
given moment the current in one 
conductor is in the opposite 
direction to that in the other and, 
provided the spacing between the 
conductors is small compared 
with the wavelength, the radiation 
field due to the current in one 
conductor is almost completely 
neutralised by that due to the 
current in the other conductor. 
Such a two-conductor link is 


- - - - MAGNETIC FIELD 
E L E C T R l C FIELD 


FIG. 13. MAGNETIC 
AND ELECTRIC 
FIELDS 
ASSOCIATED WITH A TWIN-WIRE 
FEEDER 


termed a transmission line, this particular type being known as a twin-wire 
feeder. Feeders of this type are frequently used to transfer radio-frequency 
power over appreciable distances with very little loss. 
The shapes of the magnetic and electric fields associated with a twin- 
wire feeder are illustrated in the sectional diagram of Fig. 13. The electric 
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field is still at right angles to the magnetic field at any point and both are still 
at right angles to the direction of propagation. Neither field consists of 
parallel lines of intensity as in an electromagnetic wave in free space. The 
shape of the fields is distorted by the presence of the conductors which have 
the effect of confining the fields 
to the immediate vicinity of the 
conductors. The electromagnetic 
waves are, in fact, 'guided' in the 
desired direction by the trans- 
mission line. 
At microwave frequencies the 
wavelength 
of electromagnetic 
waves is very short (only a few 
centimetres) and it is impossible 
to keep all connecting leads to a 
small fraction of a wavelength. 
FIG. 14. CONSTRUCTION OF A hAXUIL 
To minimise radiation losses, it is 
LINE 
necessary to use transmission lines 
to couple points only a few inches 
apart. The transmission lines used are not usually of the twin-wire type but 
of the co-axial line type illustrated in Fig. 14. These also consist of two 


- - -M4GNETIC 
FIELD 
-ELECTRIC 
FIELD 


FIG. 15. MAGNETIC AND ELECTRIC 
FIELDS ASSOCIATED \HIM A -AXIAL 
LINE 


conductors but one is in the form of 
a tube surrounding the other. When 
such a feeder is used to carry radio- 
frequency energy, the currents flow on 
the inside surface of the outer con- 
ductor and the outside surface of the 
inner conductor, the magnetic and 
electric fields being confined to the 
space between the two as shown in the 
sectional diagram of Fig. 15. 
The direction of propagation of an 
electromagnetic wave is at right angles 
to both the magnetic and electric fields 
and in Figs. 13 and 15 is parallel to the 
axis of the transmission line. It may, 
however, be in either direction; that 
is to say, the direction of propagation 
may be downwards into the paper or 
upwards out of it in the two diagrams. 
Sometimes both waves are present 
together and interference patterns are 
set up, as described later. and if the 
line is required to transmit power in one-direction only the backwards- 
travelling wave must be suppressed. The elimination of the unwanted wave is 
achieved by correct choice of terminating impedances as explained below. 
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2.3.2 
Surge or Characteristic Impedance 
The impedance measured between the two conductors of an unterminated 
transmission line tends towards a certain (purely resistive) value as the length 
of the line is increased. This value is known as the surge or characteristic 
impedance of the line and is independent of the wavelength, being deter- 
mined by the properties of the line as indicated in the following expression 


where 2, is the characteristic impedance, L is the inductance per unit length 
and C is the capacitance per unit length. If the medium separating the 


FIG. 16. CROSS-SECTIONAL 
DIMENSIONS 
OF (a) CUAXUL AND (b) TWIN-WIRE FEEDER 
WHICH 
D ~ R M I N E 
THE CHARA~RISTIC 
IMPEDANCE 


conductors is air, the characteristic impedance is determined solely by the 
sectional dimensions of the conductors as follows: 
D 
Characteristic impedance of co-axial feeder = 138 log ,, - 
ohms where 
d 


D is the inner diameter of the outer conductor in anyrunits and d is the outer 
diameter of the inner conductor in the same units as shown in Fig. 16 (a). 


26, 
Characteristic impedance of twin-wire feeder = 276 log ,, - 
ohms where 
dl 
dl is the diameter of each conductor in any units and d, is the spacing 
between their centres in the same units, as shown in Fig. 16 (b). 
The characteristic impedance of both types of feeder depends on the ratio 
of two dimensions; thus if all dimensions are scaled up or down by the 
same factor, the characteristic impedance remains unchanged. This makes it 
possible to change the dimensions of a co-axial feeder without affecting the 
characteristic impedance. 
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As a numerical example we will calculate the characteristic impedance of 
a twin-wire feeder consisting of 12 S.W.G. conductors with a spacing of 
6 inches between their centres. A conductor of 12 S.W.G. is 0.104-inch 
diameter and, from the above expression 


2 x 6 
characteristic impedance = 276 log,, -- 0.104 


= 570 ohms approximately 


A co-axial line having an outer conductor of 0.25-inch diameter and an 
inner conductor of 0-08-inch diameter has a characteristic impedance given 
by 
0-25 
characteristic impedance = 138 log,, ---- 
0.08 


= 70 ohms approximately 


When a co-axial line is used to transfer considerable power, as in connecting 
.a transmitter to an aerial, the value of Dld must be chosen with care. It may 
be desirable to use the particular value of this ratio for which the power loss 
is a minimum; this value is 3.6 and corresponds to a characteristic impedance 
of 77 ohms. On the other hand it may be preferred to choose the dimensions 
of the line for which the voltage between the conductors is kept below a 
certain value. Maximum power transfer for a given voltage between the 
conductors occurs when Dld = 1.65, corresponding to a characteristic 
impedance of 30 ohms. Practical values of characteristic impedance tend to 
fall between these two limits. 
Practical transmission lines have a finite length and the sendingend 
impedance is not equal to Z, when the receiving-end is unterminated. It can, 
however, be made to equal Z, by connecting a resistive load equal to Z , at 
the receiving end. When this is done the line is said to be marched to the load 
or correctly terminated. The voltage between the conductors has then the 
same value at all points in the line; the current in either conductor is also 
constant. Under thebe conditions all the power sent down the line by the 
generator at the sending end is absorbed in the load at the far end. These 
are the conditions aimed at in the feeders connecting transmitters to aerials. 
When the load is not equal to Zo some energy is returned to the source in 
the form of a backwards-travelling wave. At some points in the line this wave 
aids and at other points opposes the forward-travelling wave. This results 
in stationary points of maximum and minimum voltage on the line, this 
pattern being termed a standing wave. The position of these points is deter- 
mined by the wavelength and the length of the line; the ratio of maximum to 
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minimum voltage depends on the relative values of load and characteristic 
impedance. 
Summarising the previous few paragraphs we can say that radiation loss 
in conductors long compared with the wavelength can be minimised by 
constructing them in the form of transmission lines and by correctly terminat- 
ing these lines. 


2.3.3 Transmission Lines as Inductors, Capacitors and Resonant Circuits 
A short length of transmission line, short-circuited or open-circuited at 
one end presents an impedance at the other end which varies with frequency 
in a manner dependent on the ratio of the line length to the wavelength. 


+ I 
INDUCTIVE , CAPACITIVE I INDUCTIVE 
CAPACITIVE 
I 
I 
I 
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Positive 


Negative 


P=O 
/= A14 
p= A,= 
p=3al4 
p= X 


Frequency or line length 


FIG. 17. REACTANCE-FREQUENCY 
CURVE 
FOR AN IDEAL SHORT-CIRCUITED 
T R A N S ~ I O N 
LINE 


Fig. 17 illustrates the behaviour of a perfect (loss-free) line short-circuited at 
the far end; the impedance is purely reactive and varies between plus and 
minus infinity in a series of tangent curves. Fig. 17 may be taken as repre- 
senting the variation of reactance with frequency for a given length of line 
or the variation of reactance with line length at a given frequency. 
When the line length is a small fraction of the wavelength (as, for example, 
at point A) the reactance is positive, i.e., inductive, and as line length or 
frequency is increased the reactance increases, becoming infinite when the 
line length is a quarter of a wavelength. Since the reactance is positive and 
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increases with increase in frequency, to a first degree of approximation it 
may be said that a line shorter than A/4 behaves as an inductor. 
If the line length or frequency is increased, the reactance becomes negative 
(capacitive) in the range from 1 = A/4 to I = 
In this region the reactance 
decreases as frequency is increased and the behaviour of the line approximates 
to that of a capacitor. 
The reactance passes through zero when I = A12 and as line length or 
frequency is increased beyond this value the curve repeats the pattern occur- 
ring between 1 = 0 and I = A/2. This section of the curve thus illustrates all 
the possibilities realisable. 
If a transmission line is open-circuited at one end, the other end presents 
a reactance which varies in frequency in a manner similar to that of a short- 
circuited line. The reactance-frequency relationship for the open-circuited 
line also consists of a series of 
tangent curves but they are dis- 
placed by A14 relative to those of 
Fig. 17. Thus the reactance is 
negative for frequencies up to the 
value for which 1 = A/4 and is 
positive between the ordinates 
at I = A/4 and 1 = A/2. 
a 
Fig. 18 gives the impedance- 
- 
frequency curve of a practical 
short-circuited transmission line 
(with losses). The impedance 
1-0 
4 
t-112 
t-334 
AX 
F 
~ 
O 
~ 
I 
~ 
~ 
U 
~ 
does not rise to infinity when 
I = A14 but had a finite maximum 


FIG. 18. IMPEDANCE-FREQUENCY 
CURVE 
FOR 
value which is, in fact, resistive. 


A PRACI~CAL 
SHORT-CIRCUITED TRANSMISSION Moreover the impedance does 
LINE 
not fall to zero when I = A/2 but 
has a finite minimum which is 
also purely resistive. 
Consider the way in which the impedance changes as frequency is varied 
about the value for which 1 = A/4. As the frequency approaches this value, 
the reactive impedance component changes from positive to negative and the 
. resistive component rises to a maximum. The impedance variation is similar 
to that of parallel LC circuit when frequency is varied about the resonance 
value and in fact, a A14 length of short-circuited transmission line can be used 
as the frequency-determining element of an oscillator in place of an LC 
circuit. 
Reference to Figs. 17 and 18 shows that the reactive component of a short- 
circuited line changes sign at the frequency for which 1 = A12 and at fre- 
quencies around this value the impedance variation of the line is very similar 
to that of a series LC circuit at frequencies near the resonance value. Such 
a line could, in fact, be used in place of an LC circuit and has the advantage 
over the LC circuit that its losses can be expected to be lower. 
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In v.h.f. and u.h.f. oscillators, 114 lengths of short-circuited transmission 
line are commonly used in place of LC circuits. At these frequencies a trans- 
mission line is superior to an LC circuit because it can have a higher Q value, 
implying that the losses are less and that it is therefore easier to maintain 
oscillation. Moreover the mechanical stability of a line is, in general, superior 
to that of an induotor resulting in better stability of oscillation frequency. 
The frequency of oscillation is dependent on the length of the transmission 
line and can be varied by altering the position of a short-circuiting bar. 


k 
TWIN-WIRE TRANSMISSION 


BAR 


FIG. 19. BASIC CTRCUlT OF AN OSCILLATOR 
USING A SHORT-CIRCUITED 
TRANSM~SSION 
LINE 
AS FREQUENCY-DETERMINING 
ELEMENT 


Fig. 19 illustrates an oscillator using a twin-wire line; this is basically 
a Colpitt's circuit, regeneration being provided by the inter-electrode capacit- 
ances c ~ r 
and Cna shown in dotted lines. The useful length of the transmission 
line is less than 114 because it must behave as an inductance to resonate with 
the valve capacitance at the required frequency of oscillation. 
If C represents the capacitance of cgk and car in series, its reactance is given 
by I/wC. This must equal the inductive reactance of the line which is given . 
approximately by 
X = Z o t a n 8 


in which 6 represents the electrical length of the line. For resonance we have 


2, tan 0 = l/wC 


As a numerical example suppose C is 0.5 pF and 2,300 ohms. We need 
to know the electrical length of the line to give oscillation at 200 Mcls. 
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We have 


from which 9 is nearly 80 degrees. Thus the line should be approximately 
819 of A14 to give oscillation at the desired frequency. At 200 Mc/s this is 
approximately 10 inches. 


2.4 
ELECTROMAGNETIC 
WAVES 
IN WAVEGUIDES 
Electromagnetic waves at frequencies above approximately 1,000 Mc/s can 
be guided by co-axial transmission lines but waveguides are generally used 
instead. These are hollow con- 


CONDUCTING SURFACE 
ductive tubes, often of rectangular 
section, and may be regarded as 
co-axial lines without a centre 
conductor. The properties of such 
a waveguide differ from those of 
a transmission line in a number 
of respects; for example a wave- 
guide resembles a high-pass filter 
in that it conducts waves readily 
provided 
their frequency lies 
above a certain cut-off value, 
whereas a transmission line con- 
ducts waves of all frequencies. 
Moreover the velocity of propa- 
gation of a wave along a-wave- 
guide varies substantially with frequency but in a transmission line the 
propagation velocity is almost independent of frequency. 


2.4.1 Propagation of a Wave in a Waveguide 
The mode of propagation of an electromagnetic wave in a waveguide can 
be envisaged in the following way. Consider a plane parallel wave falling on a 
plane conducting surface at an angle 0 as shown in Fig. 20. The thlck lines 
represent wavefronts, planes passing through points where the electric and 
magnetic fields have a maximum positive value, the thin lines representing 
wavefronts where these fields have negative maximum values. The arrows 
show the direction of propagation and the wavelength is, of course, the 
distance measured in the direction of propagation between successive thick 
or thin hnes. 
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The wave is reflected at the surface, the angle of reflection being equal 
to the angle of incidence; moreover, the direction of the electric field is 
reversed during reflection. Thus a ray striking the surface at the instant 
when the electric field is at its positive maximum is reflected with the electric 
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FIG. 22. PATTERN 
FORMED BY INCIDENT PLANE WAVE 
AND THE WAVES REFLECIZD AT A 
C O N D U ~ G 
SURFACE 


field at its negative maximum. The reflected plane wave thus has the form 
shown in Fig. 21. For simplicity this illustrates the reflection of a single 
wavefront and if a number of such fronts are included, they form a pattern 
as shown in Fig. 22. This same pattern can also be obtained by use of two 
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parallel conducting surfaces as shown in Fig. 23. Here it is formed by 
introducing a plane wave at the left at an oblique angle as shown by the arrow. 
This wave is reflected at the upper conducting surface and the reflected wave 
suffers reflection again at the lower surface. Provided the perpendicular 
distance between the conducting surfaces is correct, the multiple reflections 


UPPER CONDUCTING SURFACE 
! 


DlREC 
INCIDEN 
FACE 
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FIG. 23. WAVE PATTERN 
OF FIG. 22 PRODUCED BY USE OF TWO PARALLEL 
CONDUCTING 
SURFACES 


give rise to a pattern of the same type as that of Fig. 22. The critical values 
of spacing which produce this pattern can be deduced from Fig. 22 in which 
the dotted lines AB and CD indicate two possible positions of a lower con- 
ducting surface. There are other positions, all of which lie on points where 
thick and thin lines intersect. 
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FIG. 24. WAVE PATTERN 
OF FIG. 23 FOR A LONGER 
WAVELENGTH 


If in Fig. 23 the wavelength of the incident wave is increased, the regular 
pattern of wavefronts disappears but can be re-obtained by arranging for the 
incident wave to approach the upper conducting surface less obliquely as 
shown in Fig. 24. If the wavelength is further increased, the incident direction 
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must again be adjusted to preserve the pattern and ultimately when the 
wavelength is equal to twice the distance between the surfaces the incident 
wave approaches the conducting surface at right angles. At this wavelength 
no pattern is possible and no waves emerge from the right-hand side of the 
surfaces. 
The wave pattern of Figs. 23 and 24 also exists in one mode of propagation 
of an electromagnetic wave ina waveguide and hence the path of any particular 
point in the incident wavefront is as shown in Fig. 25. It pursues a zigzag 
. 
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FIG. 25. PATH TAKEN BY ANY PARTICULAR 
POINT OF THE WAVEFRONT 
OF AN E ~ R o - 
MAGNETIC WAVE PROPAGATED ALONG A WAVEGUIDE 
FOR THREE RATIOS OF WAVELENGTH 
M 
GUDE HEIGHT 


course along the guide, being reflected internally at the walls at regular 
intervals along the guide, the angle of incidence 0 at which the waves approach 
the walls decreasing as the wavelength is increased. The relationship between 
0 and A is deduced in Appendix 2 and is expressed by the equation 


sin 0 = 2/[1 - (A/2b)7 


The velocity of the wave along its propagation path is, of course, c(3 x 10l0 
centimetres per second as in free space) but, because it is always travelling at 
an angle 0 to the walls, the velocity of propagation v along the guide (known 
as the group velocity) is less, being equal to c sin 0. 
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If the wavelength is small compared with b, the guide height, 8 is almost 
90 degrees as shown by the above expression and the waves approach the walls 
at oblique incidence, travelling along the guide almost parallel to the guide 
axis as shown in Fig. 25(a). For such wavelengths the group velocity is nearly 
equal to the free-space velocity and there is a steady transfer of energy along 
the guide. If the wavelength is increased (or the guide height decreased) 
8 decreases as shown in Fig. 25(b) causing a reduction in group velocity. As 
the wavelength approaches twice the guide height, 8 tends towards zero and 
the wavefronts approach the guide walls at almost normal incidence. The 
group velocity is now almost zero and there is very little transfer of energy 
along the guide. Finally, when the wavelength equals twice the guide height, 
waves approach the guide walls at normal incidence and the group velocity 
becomes zero, implying no energy transfer along the guide; the frequency at 
which this occurs is known as the cut-offjiequency. 
Summarising the last few paragraphs we may say that a waveguide passes 
energy with very little loss at frequencies for which the wavelength is small 
compared with the transverse guide dimensions; in other words it passes 
energy freely at frequencies well above the cut-off value. As frequency 
decreases towards the cut-off value the losses increase, becoming infinite at 
the cut-off frequency. Cut-off occurs when the wavelength is twice the 
relevant waveguide dimension, i.e. when 


giving the cut-off frequency as 


Thus a waveguide with a height of 5 centimetres has a cut-off frequency 
given by 


A wave with a frequency close to the cut-off value suffers loss as it passes 
along the guide and the amplitude falls exponentially with distance from the 
sending end. This attenuation of a waveguide is sometimes put to useful 
account. One example of such an application occurs in the design of a 
superhet microwave receiver. The multi-stage i.f. amplifier is constructed on 
a chassis in the form of a long rectangular box whose width and height are 
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both much smaller than A/2 at the intermediate frequency. The attenuation 
between successive stages of the amplifier due to the chassis acting as a wave- 
guide is sufficient to avoid instability due to coupling between neighbouring 
stages and there is no need for screens between them. 


2.4.2 
Modes of Propagation 
The wave pattern of Figs. 23 and 24 consists of regularly-spaced regions 
where the electric field has a positive maximum alternating with regions where 
the field has a negative maximum. Fig. 26 shows the electric and magnetic 
field distribution for such a wave pattern in greater detail; this represents an 
electromagnetic wave of wavelength h , greater than the corresponding free- 
space wavelength A and related to it according to the expression 


also deduced in Appendix 2. Thus an electromagnetic wave travelling 
through a guide has an effective wavelength which is longer than in free space 
and, for a given guide, it increases as the frequency is decreased, becoming 
infinite at the cut-off frequency (i.e. when A = 26). 
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FIG. 26. DISTRIBUTION 
OF ELECTRIC 
AND MAGNETIC FIELDS 
CORRESPONDING TO FIGS. 23 
AND 24 


In the particular mode of propagation illustrated. in Fig. 26 the electric 
field is horizontal, i.e. at right angles to the longer of the two dimensions and 
to the guide axis. The magnetic field consists of closed loops situated in 
planes which include the longer of the two dimensions b and the guide axis. 
Thus the magnetic field has a component along the guide axis but the electric 
field has not, being transverse to the axis. It is true in general that if one field 
has a component along the guide axis, the other cannot. This makes possible 
two ways of classifying the modes of propagation of electromagnetic waves in 
waveguides; a mode can be expressed by stating the field which has a com- 
ponent along the guide axis or alternatively by quoting the field which is 
transverse to the axis. Both methods are in common use, the former in this 
country, the latter in U.S.A. The mode illustrated in Fig. 26 is described as 
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the H-mode or the TE (Transverse Electric) mode. There is another form of 
H-mode propagation in which the lines of electric field are parallel to the 
longer of the two dimensions, the magnetic loops lying in planes containing 
the shorter of the dimensions and the guide axis. The mode can exist only 
if the wavelength is shorter than 2a where a is the width of the waveguide and 
the first-mentioned H-mode is generally preferred because it has a lower 
cut-off frequency for a given guide. 
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RG. 27. ILLUS~~VITING 
A PARTICULAR FORM OF THE E MODE OF PROPAGATION 


Fig. 27 illustrates one form of the E-mode or TM (Transverse Magnetic) 
mode of propagation; in this the magnetic field consists of closed loops in 
planes at right angles to the guide axis and the electric field consists of loops 
having a component along the axis. 


2.4.3 
High-order Modes 
If a wave introduced into a waveguide has a frequency well above the 
cut-off value there is a likelihood of propagation in modes differing from 
those so far described. The shape of the field patterns in these high-order 
modes can be deduced from Fig. 22. The wavefront pattern shown here can 
be produced, as already explained, by placing a plane conducting surface at 
the position AB; from such a diagram the field patterns in first-order modes 
(Figs. 26 and 27) can be deduced. Alternatively the reflection surface could 
be placed at CD or any other points where the thick and thin lines meet and 
for each position the wave pattern remains unchanged. These are the wave- 
front patterns which exist in high-order modes of propagation and from them 
the field patterns can be deduced; Fig. 28 gives an example of a second-order 
H-mode. This is similar to the first-order H-mode (Fig. 26) but the patterns 
are duplicated. 
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2.4.4 
Method! of Exciting Particular Modes 
In general when an electromagnetic wave is introduced into a waveguide 
there is a tendency for a number of modes to be produced simultaneously but 
it is possible to favour a wanted mode by adopting a particular method of 
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injection. For example a probe projecting into a waveguide at a point along 
the centre line of one of the broad faces excites the H-mode of Fig. 26; this 
is because the probe tends to 
produce waves in which the 
electric field, being parallel to 
the probe, is also parallel to the 
;g;;gfi~& 
small dimension of the wave- 
guide as in Fig. 26. The use of 
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such a probe is illustrated in 
IP 
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/ 
Fig. 29. 
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I 
DIRECTION OF WIOPAGATION 
a waveguide by use of a loop 
projecting into the guide; such 
FIG. 29. METHOD 
OF COUPLING AN OXILLATOR 
a method of injection favours 
TO A WAVEGUIDE TO SECURE TRANSMISSION 
IN 
ONE 
DIRECTION 
modes of propagation in which 
the magnetic field is perpen- 
dicular to the plane of the loop and thus the position of the loop in the 
guide and its orientation with respect to the guide axis can be chosen to 
favour a wanted mode. 
A third method of launching a wave in a guide is via an aperture in the 
guide wall. Some microwave oscillators develop electromagnetic waves in 
a cavity resonator (see next section) and to introduce the oscilhtor output 
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into a waveguide, the resonator must be coupled to the guide. This can be 
achieved by use of an aperture in a wall common to the cavity and the 
waveguide. 
The three methods which have been mentioned for introducing electro- 
magnetic waves into waveguides can also be used for abstracting energy from 
a guide. For example power can be extracted by use of a probe or loop which 
projects into the guide or via an aperture in the guide wall. 
When H-mode propagation is used, a slot can be cut along the length of 
the broad face of the waveguide without significantly affecting propagation; 
this is possible because there are no transverse currents in these faces in t,his 
mode. This is convenient for the detection or measurement of standing waves 
because it enables a probe to be moved along the guide to measure the electric 
field at various points. 


2.4.5 Matching a Wave Source to a Guide 
A probe projecting into a waveguide provides coupling between the wave 
source and the guide, and is in some respects analogous to a seriesconnected 
capacitor linking the two together. By suitable design of the probe it is 
possible to obtain maximum transfer of energy to the guide, the wave source 
and guide being then matched. The chief parameters which can be varied to 
achieve matching are the dimensions of the probe and the extent to which it 
projects into the guide. 
Normally when a wave is launched into a waveguide it is required to travel 
in one direction only and the other end is blocked often by a movable piston. 
A wave meeting this piston (or any other abrupt change in cross-sectional 
area) is reflected and, by suitable placing of the piston, the reflected wave can 
be made to reinforce the direct wave. 


2.4.6 Cavity Resonators 
At frequencies up to approximately 300 Mc/s resonant circuits usually 
consist of conventional inductors and capacitors but at higher frequencies it 
is usual to employ short-circuited A14 lengths of transmission line; the circuit 
of an oscillator employing such a frequency-determining element was des- 
cribed earlier. At still higher frequencies resonant circuits generally take the 
form of a short-circuited length of waveguide. These are known as cavity 
resonators and Fig. 30 illustrates one form consisting of a rectangular box of 
conducting material. 
At first sight it is difficult to appreciate that a simple enclosure can have the 
properties of inductance and capitance to enable it to resonate at a particular 
frequency. Fig. 31 may help to make this clearer; it illustrates an early form 
of cavity resonator, known as a rhumbatron, in which the inductance and 
capitance are to some extent independent. The inductance is concentrated in 
the outer toroidal ring which may be regarded as a multiplicity of loops around 
the edge of a capacitor consisting of two parallel circular plates. If the 
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separation between these plates is increased, the capacitance decreases, giving 
a higher resonance frequency and the rhumbatron tends to become simply 
a sphere which still possesses inductance and capacitance. 
The rectangular cavity of Fig. 30 has a number of resonance frequencies. 
This is to be expected because the box can present, along any of its three major 
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axis, the equivalent of a short-circuited waveguide. These axes have, in 
general, different lengths and thus the box has three principal resonance 
frequencies. This compares 
with the three acoustic re- 
sonances of a rectangular 
room. In general the re- 
sonance frequencies are not 
harmonically related; this is 
an advantage because the 
harmonics of a signal at the 
lowest resonance frequency 
are not amplified by the higher 
modes of the resonator and 
the time variation of the fields 
is substantially sinusoidal. 
The resonance wavelength 
of a cavity is directly pro- 
portional to the linear dimen- 
sions of the cavity; thus if all 
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the dimensions are multiplied by a certain factor the resonance wavelength is 
also multiplied by the same factor. 
Cavity resonators can have Q values as high as 50,000!; the Q value 
depends on the ratio of volume to surface area and thus spheres are better 
than shapes with re-entrant sections. 
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Energy can be fed to a resonator by any of the methods used for intro- 
ducing electromagnetic waves into waveguides i.e., by use of probes, loops or 
common apertures. Alternatively an electromagnetic wave can be induced in 
a cavity resonator by passing a velocity-modulated electron stream through it. 
Such a method of coupling is used in certain microwave oscillators notably 
the klystron and co-axial line oscillator and is described more fully in later 
sections. An electron stream is also the primary energy source in the cavity 
magnetron but here the beam is outside the cavity and is coupled to it via a 
slit in the cavity wall. 


3. 
DISK-SEAL VALVES 


3.1 
INTRODUC~ON 
For r.f. power generation and amplification at frequencies between 
approximately 250 Mc/s and 2,500 Mc/s disk-seal valves are commonly 
employed. Such valves may be regarded as belonging to a type intermediate 
between conventional types and those using cavity resonators. Transit-time 
effects are reduced as far as possible by using very close spacing between the 
electrodes and the technique of reducing the inductance of electrode leads by 
use of multiple connections has been carried to its logical conclusion, the 
electrodes being connected to conducting disks which project through the 
glass envelope and are shaped to fit the co-axial lines used as input and output 
tuned circuits. 
These lines are usually short-circuited at the end remote from the valve and 
the length is adjusted to be slightly less than h/4,3h/4, 5h/4 etc. They are thus 
inductive (as illustrated in Fig. 17) and the effective length is so adjusted that 
the inductance resonates with the input (or output) capacitance of the valve 
at the frequency of operation as mentioned on p. 27. The characteristic 
impedance of the anode and grid tuning lines is determined by the diameters 
of the inner and outer conductors and is thus dictated by the geometry of 
the disk-seal valve. 
Disk-seal valves can be broadly divided into receiving and transmitting 
types. Receiving valves are generally small and the heat generated at the 
electrodes can be dissipated by conduction and convection cooling; one of 
the chief aims in their design is to keep self-generated noise at a minimum. 
Transmitting valves are larger and fitted with fins to assist cooling by a forced 
air blast; heat dissipation is one of the limiting factors in design particular in 
tetrode valves where there is difficulty in cooling the screen grid. In the next 
few pages typical circuits for receiving and transmitting disk-seal valves 
are given. 


A cross-sectional drawing of a small disk-seal triode suitable for use in a 
receiver is shown in Fig. 32. The anode forms an integral part of a large disk 


DISK-SEAL VALVES 


and the grid is similarly part of a smallerdiameter disk which has a short 
cylindrical lip at its outer edge to which the circuit contact is made. The 
cathode is connected to the 
outer conducter of a co-axial 
plug of yet smaller diameter. 
In the particular type of valve 
illustrated one end of the 
heater is C0~ecte.d internally 
WEArrp 
to the cathode and the other 
is connected to the centre 
I 
conductor of the co-axial 
FIG. 32. C R C M - ~ O N 
OF SMALL 
plug. A photograph of a valve 
REIXMNGTYPE DISK-SEAL TRIODE 
of this type is given in Fig. 62. 
Even in such a small receiving triode the power dissipated at the anode 
causes the temperature of the anode ring to rise and, to avoid damage to the 
valve, the temperature of the junction of the glass with the metal ring must be 
prevented from exceeding a certain value; rapid variations in temperature 
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must also be avoided. In the valve of Fig. 32 these requirements can be met 
by clamping the anode disk to a block of metal which has an adequate heat 
capacity (product of mass and specific heat). 


3.3 GROUNDED-CATHODE 
R.F. AMPLIFIW 
At frequencies around 250 Mc/s a grounded-cathode r.f. amplifier gives a 
satisfactory performance and Fig. 33 illustrates one form of such an amplifier. 
The valve illustrated here is a disk-seal tetrode having ring connections for 
the cathode, control grid and screen grid; the anode is co~ected to a large 
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block of metal designed to have a very large surface area to assist forced-air 
cooling. 
The input tuned circuit consists of a section of co-axial line formed by two 
concentric tubes, the outer of which locates with the cathode ring and the 
inner with the grid ring. The output tuned circuit also consists of a length of 
co-axial line the cylinders of which locate with the screen-grid ring and the 
anode block. In this particular arrangement the outer conductor of the 
output circuit is an extension of the outer conductor of the input circuit. 
Thus the screen-grid and cathode of the valve have a common r.f. potential 
and the circuit is a grounded-cathode type. 
The input and output lines are tuned by sliding short-circuiting annular 
rings along the lines so as to vary their effective length. 
The inner conductor of the input line is not in physical contact with the 
control-grid disk but is separated from it by a mica ring. This acts as the 
dielectric of a capacitor between grid and line; the capacitor prevents contact 
between grid and cathode to permit the application of grid bias, but neverthe- 
less has sufficient capacitance to provide a low-reactance path at the frequency 
of operation. Grid bias is applied directly to the grid ring via an r.f. choke. 
Similarly the inner of the output line is capacitively coupled to the anode via 
a mica ring, h.t. being applied to the anode via another r.f. choke. A third 
mica ring decouples the screen ring to the outer conductor of the tuned lines. 
Thus all the cylinders are at zero steady potential and can be safely handled. 
The input and output connections to the amplifier are made via co-axial 
feeders as indicated, the outer conductors of which are bonded to those of the 
tuned lines, the inner conductors being capacitively coupled to those of the 
tuned lines. The degree of coupling between the input or output lines and the 
tuned lines can be varied by adjusting the extent of the penetration of the 
probe towards the inner conductor or by sliding the co-axial connection along 
the tuned line. 
If tight coupling is necessary between the input co-axial feeder and input 
tuned line, considerable capacitance is necessary between the input probe and 
the inner conductor of the input tuned line and, as shown, a small plate is 
attached to the probe end to increase its capacitance. If this does not give 
sufficient coupling, the probe is sometimes brought into physical contact with 
the inner conductor, the degree of coupling being then controlled by the 
position of the connection along the input tuned line. 
The valve is cooled by a blast of cold air pumped into the outer cylinder as 
indicated. It passes through holes in the plate which contacts the cathode ring 
and through further holes in the cylinder which locates with the screen grid. 
Lastly it passes through the interstices of the anode block and escapes through 
the inner cylinder of the output tuned circuit. By making the air traverse a 
path of this nature, it is possible to obtain efficient cooling of the valve 
envelope and the anode. 
Because of transit-time effects the input resistance of a grounded-cathode 
amplifier falls as frequency rises and the gain obtainable from such a circuit 
becomes steadily less as frequency is raised. At frequencies greater than 
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approximately 1,000 Mc/s it is so low that the disk-seal valves give a better 
performance when used as grounded-grid amplifiers. Valves intended for this 
mode of operation are usually triodes and are designed to have low anode- 
cathode capacitance because, in such amplifiers, the anode and cathode 
potential are in phase and any capacitive coupling between the two can lead 
to instability. Thus as illustrated in Fig. 32 the control grid is constructed in 
the form of an electrostatic screen between anode and cathode and the tuned 
lines are also arranged to screen the input from the output circuit. The form 
of a typical grounded-grid amplifier for use at frequencies around 1,000 Mc/s 
will now be described. 


3.4 GROUNDED-GRID 
R.F. AMPLIFIER 
USING DISK-SEAL 
TRIODE 
Fig. 34 illustrates an r.f. amplifier employing a small disk-seal triode of the 
type illustrated in Fig. 32. The output tuned circuit is a section of co-axial 
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line formed by two concentric tubes, the outer of which locates with the anode 
disk and the inner with the grid disk. The input tuned circuit also consists of 
a length of co-axial line which makes contact with the grid disk and cathode 
connection of the valve. In the particular arrangement illustrated in Fig. 34 
the input tuned circuit is situated inside the output tuned circuit and one 
cylinder acts simultaneously as the inner conductor of the output circuit and 
the outer conductor of the input circuit. This makes the amplifier compact 
and also ensures that the cathode circuit is completely screened from the 
anode circuit. The grid tube is hence common to the input and output 
circuit making this amplifier a grounded-grid type. Thus the input tuned 
circuit is damped by the cathode impedance (approximately 1 /g,) of the valve, 
which ensures a wide bandwidth. 
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The input and output lines are tuned by sliding short-circuiting annular 
bridges along the lines so as to vary their effective length. The construction 
of one of these bridges is illustrated in Fig. 35. Here it can be seen that the 
bridge is so shaped that it makes contact with the lines at some distance from 
the point at which the bridge effectively terminates the line. In fact the length 
of the bridge should ideally be a quarter wavelength to ensure that the current 
is a minimum where the bridge meets the line, the current being a maximum, 
of course, at the effective termination point. The length of the bridge cannot 
be A/4 at all frequencies in the band over which the amplifier may be required 
to work but performance is usually satisfactory if it is made correct at the 
high-frequency end of the band. The short-circuiting bridge in the input line 
embodies a capacitor of value such that its reactance is very small at the 
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operating frequency. This capacitor breaks the direct path which would 
otherwise exist between grid and cathode and permits the application of grid 
bias. In the circuit illustrated, bias is obtained automatically in the con- 
ventional manner from a resistor through which the cathode current flows. 
No capacitor is built into the short-circuiting bridge of the output line and 
to break the direct path between anode and grid a mica ring is fitted between 
the anode disk and the co-axial line, the capacitance between disk and line 
being sufficient to provide a low-reactance path at the frequency of operation. 
The input and output connections to the amplifier are made via concentric 
feeders as in Fig. 33. A very tight coupling is required to the input circuit 
because of the low input resistance of the grounded-grid ampli6er and the 
probe is fitted with a plate to increase the coupling capacitance. The coupling 
required between the output co-axial line and the output tuned line is weaker 
than that required at the input of the amplifier and can be obtained with a 
simple probe as shown. 
The input and output lines may be adjusted to the h/4,3A/4,5A/4 etc. modes 
as mentioned earlier but often the h/4 mode is inconvenient because of the 
extreme shortness of the line. 
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3.5 R.F. OSCILLATOR- 
USING DISK-SEAL 
TRIODE 
Fig. 36 shows one possible circuit for an r.f. oscillator employing a disk- 
seal triode. It may be regarded as an r.f. amplifier of the type just discussed 
with regeneration between output and input circuits provided by a capacitive 
probe which passes through a hole in the grid tube and couples the anode to 
the cathode circuit. This probe usually takes the form of a threaded rod 
which is adjusted to provide the degree of coupling necessary to secure 
oscillation. At lower frequencies the probe is often fitted with an end plate 
to give additional capacitance. For a particular distance d of the probe from 
the anode disk, oscillation can be obtained over a frequency range of, say, 
3 : 1 ratio by adjusting the position of the short-circuiting sliders. To obtain 
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oscillation at frequencies outside this range, however, it is necessary to move 
the probe nearer to the anode disk (for higher frequencies) or away from it 
(for lower frequencies). 
The diagram shows that the heater lead inside the tube forming the cathode 
connection contains short-circuiting sliders with capacitors. Tuning of the 
heater line is usually only necessary when the valve is operating near its 
maximum frequency limit; it is not necessary at low frequencies. 
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4. KLYSTRONS 


We have now seen how transit-time effects limit the upper frequency at 
which conventional valves can operate and how, by reducing electrode 
spacing as in disk-seal valves, it is possible to obtain a satisfactory perform- 
ance up to 3,000 Mcls. At still higher frequencies, however, conventional 
techniques cannot be used and satisfactory operation can only be achieved by 
valves based on entirely different principles; in fact the klystron and co-axial 
line oscillator rely on transit-time effects for their operation. The pripciple 
used is described below. 


4.2 
VELOCIW 
MODULATION 
In a conventional low-frequency amplifying valve the electron current 
arriving at the anode is amplitude-modulated, the density of the current at any 
instant being determined by the control-grid potential. A significant feature 
of this process is that the transit time is such a small fraction of the periodic 
time at these frequencies that any alteration in control-grid potential produ&s 
a virtually-instantaneous alteration in electron-beam density. The control 
grid has practically no effect on the velocity of the electrons approaching the 
anode; these accelerate towards the anode as a result of the static electric field 
set up between the cathode and anode by the h.t. supply. 
In a klystron the output signal is also produced by an amplitude-modulated 
electron stream but this is produced and used in a manner differing greatly 
from that just described. Modulation is achieved by varying the velocity of 
a constant-density beam leaving the cathode, the signal voltage having the 
effect of speeding up or slowing down the electron stream. There is no instan- 
taneous change in electron-beam density as a result of applying the input signal 
as in low-frequency technique; the density variation occurs as a result of the 
velocity variations, the electrons gathering into bunches on their way to the 
anode as described later. Thus there is a significant time delay between the 
application of the input signal and the resultant effect on the electron stream, 
this being the transit-time delay mentioned above. 
The amplitude-modulated electron stream produced in this way is passed 
through a cavity resonator in which it induces the electro-magnetic waves 
which constitute the output of the valve. The electron stream is finally 
collected by an anode which functions purely as a collector and does nothing 
towards providing the valve output. 
The way in which velocity modulation leads to amplitude modulation can 
be illustrated in the following manner. Fig. 37 represents the cathode-anode 
space of a valve of the type used to produce velocity modulation; it has a pair 
of input grids between which the input signal is applied and a pair of output 
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grids from which the valve output is taken. If there is no input signal, 
electrons leave the input grids at regular intervals, all with the same velocity, 
and their distribution at any moment is as shown by the dots in the diagram; 
they are spaced at equal intervals along the path between input grids and 
anode and arrive at the output grids in regular succession, as a beam of uniform 
density. 
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Fig. 38 represents conditions in the same valve when an r.f. signal is applied 
between the input grids. Electrons still leave the input grids at regular 
intervals but their velocities vary sinusoidally with time. The spatial dis- 
tribution shown here was derived by assuming that electrons 1, 6 and 11 
travel with the same (datum-level) velocity, that electrons 2, 3, 4 and 5 have 
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smaller velocities and that electrons 7, 8, 9 and 10 have greater velocities. 
Electrons 2, 3,4 and 5 tend to lag behind number 1 and numbers 7, 8,9 and 
10 tend to overtake number 5. At the particular instant represented by the 
diagram, electrons 4, 5, and 6 are clustered together to form a bunch. 
Only one bunch is shown in the diagram but in practice as many as 3 or 4 
might be present in the cathode-anode space. 
This bunch has only a momentary existence at a particular point in the 
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alve because it is formed of electrons with different velocities. It disappears 
as the more quickly moving electrons overtake and move away from the 
slower ones, but other bunches are formed elsewhere in the valve as the most 
rapid electrons catch up slower ones which were released earlier from the 
cathode. Thus the electrons shown in Fig. 38 may have the distribution 
shown in Fig. 39 at a later instant. Electrons 1, 6 and 11 are still spaced at 
equal intervals along the axis but are now nearer the anode than before. 
Electrons 8 and 9 which have the greatest velocities have now practically 
caught up electron 1 and are tending to form a bunch near the output grids. 
Electrons 3 and 4, which have the lowest velocities, are lagging behind 5 and 
6 and are nearly level with electron 11, tending to form another bunch near 
the centre of the valve. 
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The electrons arrive at the output grids in spurts, the effect being similar 
to that produced in an electron beam which had been amplitude-modulated 
at the input grids and had traversed the cathode-anode space at a uniform 
velocity. 
Bunching occurs because of the difference in electron velocities and takes 
a certain time to occur; during this time the electrons travel an appreciable 
distance and the first bunch occurs some distance from the input grids. Thus 
there is a certain minimum spacing between the two pairs of grids which 
permits bunching and the value of this spacing depends on the magnitude 
and frequency of the r.f. input voltage causing velocity modulation. It is not 
desirable to have too large a spacing otherwise a number of bunches are 
formed and these become less clearly defined as the distance from the input 
grids increases. This is because of the tendency of an electron beam to fly 
apart due to the mutual repulsion of its constituent electrons. 


One of the earliest valves which operated by virtue of velocity-modulation 
of an electron beam was the two-cavity klystron, the essential features of 
which are illustrated in Fig. 40. 
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The main part of the klystron consists of two cavity resonators, each in the 
form of a toroid of approximately square cross-section. Each resonator has 
a gap and each gap may have a pair of grids, as shown in Fig. 40. The two 
resonators may have a common wall as shown, or they may be separated. In 
either case they are joined by a metal tube and the region within it, labelled 
drift space in Fig. 40, is at a constant potential. A stream of electrons emitted 
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by the cathode is accelerated by a constant positive voltage applied to the 
resonators. The electrons are electrostatically focused into a beam which 
passes along the tunnel between the resonators (the drift space) and is finally 
collected by an anode. The potential on this anode can be lower than that 
of the resonators, reducing the power wastage in the valve, but must be high 
enough to collect all the electrons which leave the second resonator. 
The grids fitted to the gaps have the effect of restricting the spread of the 
r.f. fields along the axis of the tunnel and thus enable the electron beam to 
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traverse the fields in a time small compared with the period of the signal. The 
grids are positive with respect to the cathode and intercept some of the 
electron stream. The more transparent the grid (i.e. the coarser its mesh), the 
smaller is the proportion of beam current it intercepts and the less is its 
effectiveness in coupling the electron velocities to the resonator fields, but the 
decreased power dissipation in the resonator may more than compensate for 
this. 
The electrons, being negatively charged, repel one another and the beam 
lends to spread. To prevent the resonator current from becoming too great 
due to interception of electrons near the second gap, the beam is so focused 
that it is converging as it crosses the first gap, as shown in Fig. 40. With large- 
current valves an axial magnetic field may be used to improve the focus. 
If the first resonator is excited at a frequency near to its resonance, e.g. by 
a coupling loop fed from sotne external source, a field is produced across the 
first gap. During one half of each cycle the field accelerates the electrons 
moving across the gap and during the other half it retards them. Thus the 
electron beam entering the drift space is velocity-modulated and forms 
bunches; for this reason the first resonator is often described as the buncher. 
The bunches of electrons cross the gap of the second resonator, known as 
the catcher, with a frequency equal to that of the field in the first resonator. 
Thus there is an alternating component of beam current at this frequency and 
this, in passing through the catcher gap, generates electromagnetic waves at 
this frequency in the second resonator. This energy constitutes the output of 
the valve and can be abstracted by a coupling loop in the second resonator as 
shown in Fig. 40. The amplitude of the alternating component in the beam 
(and hence the valve output) can be made a maximum by correct choice of 
drift space length and operating conditions (beam current density, amplitude 
of r.f. input, resonator voltage, etc.). 
In addition to the component at the original buncher field frequency, the 
beam contains components (harmonics) at multiples of this frequency. The 
catcher resonator has many resonance frequencies corresponding with the 
possible field modes but these do not, in general, form a harmonic series. 
Because of this a resonator tuned to the fundamental-frequency component 
of beam current is not excited by the harmonic components and the voltage 
generated across the catcher gap is very nearly sinusoidal at the fundamental 
frequency. 
The two-cavity klystron has an obvious low-frequency analogue, namely 
an amplifying valve with tuned grid and tuned anode circuits. The first 
cavity resonator of the klystron corresponds with the input tuned circuit of 
the amplifier and the second resonator is analogous to the output tuned 
circuit. To make the analogy more perfect it may be assumed that the low- 
frequency amplifier operates under class C conditions; thus the anode current 
contains harmonic components which compare with those of the bunched 
beam in the klystron. 
The two-cavity klystron can be used as an amplifier, a frequency multiplier 
and an oscillator. These applications are now described more fully. 
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4.3.1 Klystron Amplifier 
The klystron was one of the 6rst valves that could be used as an amplifier 
of centimetric waves, but is now rarely used in this way. Depending as it 
does on two tuned cavity resonators, its adjustment is rather difficult and it is 
a comparatively narrow-band amplifier. Moreover it is too noisy to be of 
advantage as an r.f. amplifier in a microwave superhet receiver. 


4.3.2 
Klystron Frequency Multiplier 
If the second resonator is arranged to be resonant at a harmonic of the 
input frequency, the valve will produce an output at this harmonic frequency, 
thus operating as a frequency multiplier. The operating conditions of the 
valve can be adjusted to favour generation of the required harmonic. 


FIG. 41. THREE 
POSSIBLE 
METHODS OF -LING 
WHICH CAN BE USED IN A 
KLYSTRON 
OSCILLATOR. COUPLING IS BY &AXIAL 
LINE IN (a) AND (b) AND BY 
A COMMON APERTURE 
IN (c) 


The behaviour of a klystron used in such a manner can be compared with 
that of the low-frequency circuit mentioned above which is often used for 
frequency multiplication, the anode circuit being tuned to n times the 
frequency of the input signal where n is the order of the required harmonic. 


4.3.3 Klystron Oscillator 
A klystron may be used as an oscillator by feeding some of the output 
power back into the input, provided the gain is sufficient to make up for 
losses and the phase of the feedback is suitable. 
Fig. 41 illustrates three possible ways of coupling the catcher resonator to 
the buncher resonator in a two-cavity klystron; in (a) and (b) the coupling is 
by means of a concentric line and in (c) it is by an aperture in the wall common 
to the two resonators. 
If the coupling line is short, the loop couplings of (a) and (b) are equivalent 
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to mutual-inductance coupling and the analogous low-frequency oscillator 
circuit has the form 'shown in Fig. 42. The circuit equivalent to (c) has 
combined inductive and capacitive coupling. 
When two identical resonant circuits are loosely coupled the voltage 
transfer has a maximum around the resonance frequency of the circuits, but 
if they are tightly coupled the response has two maxima separated by a 
trough. When such circuits are used in an oscillator, the phase shifts of the 
coupling circuits affect the frequency slightly, but in general if the coupling 
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FIG. 42. CIRCUIT 
EQUIVALENT TO THAT OF FIGS. 41 (a) AM) 41 (b) 


is loose, the frequency of oscillation is near that of resonance of the tuned 
circuits. If the coupling is tight, the oscillation frequency may have either of 
two values. Thus weak coupling is used between the resonators in a klystron 
oscillator and oscillation occurs near the resonance frequency of the buncher 
and catcher. 


4.4 REFLEX KLYSTRON 
The principle of the reflex klystron has much in common with that of the 
twocavity klystron described above but the reflex valve has only a single- 
cavity resonator and a single gap. The electron stream crosses the gap twice, 
being reflected back along its incidence path by the electric field between the 
resonator and a reflector electrode. The electrons are finally collected by the 
resonator walls; thus the resonator combines the functions of buncher, 
catcher and collector. The reflex valve can only be used as an oscillator and 
its chief application is as a frequency-modulated oscillator in microwave 
transmitters and as local oscillator in superhet microwave receivers. 
The basic features of the reflex klystron are illustrated in Fig. 43. Electrons 
released from the cathode accelerate towards the resonator under the 
attraction of its positive charge. Some of the electrons are collected by the 
grids or walls of the resonator but a large number pass through the grids and 
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in so doing are velocity-modulated by any r.f. voltages which exist between the 
two grids. When the valve is operating normally this voltage is sinusoidal and 
is very near the resonance frequency of the cavity. Between the resonator and 
the reflector the electrons meet a retarding field which brings them to rest 
before they reach the reflector and returns them to the resonator. In this 
space bunching occurs in much the same way as in the drift space of the two- 
cavity klystron. Under favourable conditions there is a strong fundamental 
component present in the return beam, as a result of bunching, and electro- 
magnetic waves are set up in the resonator at its fundamental frequency. This 
induced field has a frequency near that of the cavity resonance and causes a 
voltage between the resonator grids which, under favourable conditions, has 
the right phase to enhance the voltage which initially produced bunching. 
Under such conditions a state of regeneration results and the field in the 
resonator builds up to a con- 
siderable amplitude. 
This 
energy can be abstracted by a 
probe or, as shown in Fig. 43, 
a loop. 
- - 
The deceleration and re- 
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process of bunching; this can 
be shown by the following 
simple example. Suppose all 
the electrons leaving the 
_- 
resonator in the direction of 
n 


the reflector have one of three 
different velocities which can 
FIG. 43. ESSENTIAL FEATURES 
OF REFLEX 
be termed high, medium and 
KLYSTRON 


low. We shall further assume 
that the signal causing velocity 
modulation is such that the high-velocity electrons are released first, the 
medium-velocity ones next and the low-velocity ones last. Because of their 
high kinetic energy, the high-velocity electrons penetrate the decelerating 
field to a certain extent and return to the resonator after a certain time interval. 
Medium-velocity electrons released immediately after the high-velocity ones 
penetrate the retarding field to a smaller extent before returning to the 
resonator. These electrons take a shorter time to make the return journey and 
under certain conditions arrive back at the resonator at the same time as the 
high-velocity electrons initially released immediately before them. The low- 
velocity electrons penetrate the decelerating field to the smallest extent and 
take the shortest time to complete the return journey but, being released later 
than the medium- and high-velocity electrons, it is possible for them to arrive 
back at the resonator at the same time. Thus under suitable conditions low-, 
medium- and high-velocity electrons, after reflection, can arrive back at the 
resonator simultaneously to form a bunch. 
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Suppose a reflex klystron is oscillating in the manner just described and that 
the reflector potential is made more negative. Electrons travelling into the 
retarding field now penetrate it to a smaller extent, i.e. the drift time is 
reduced, and oscillation is no longer possible at the original frequency 
because the bunches in the return beam arrive at the resonator early, i.e. 
before the r.f. field across the resonator gap has reached its maximum value. 
This early arrival of the bunches tends to "pull" the frequency of the field in 
the resonator towards a higher value. Similarly if the reflector potential is 
made less negative, electrons penetrate the decelerating field to a greater 
extent before reflection and are late in amving back at the resonator, thus 
tending to decrease the frequency of oscillation. Thus the effect of a change in 
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reflector potential is to produce a change in oscillation frequency. Over a 
small range of reflector potential, the frequency-potential curve is sub- 
stantially linear, making the valve suitable for frequency modulation when 
the modulating signal is applied to the reflector electrode. 
The extent to which oscillation frequency changes when the reflector 
potential is altered, depends on the phase of the returning bunches relative to 
that of the r.f. field at the resonator gap and on the effective (loaded) Q-factor 
of the resonator, a low Q giving large frequency changes. As the phase 
difference between bunches and r.f. field is increased, the power delivered to 
the resonator from the bunched beam falls off and ultimately ceases. Thus 
oscillation ceases when the reflector potential is increased or decreased by 
more than a certain amount from the value giving maximum output. 
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If the reflector potential is increased or decreased beyond the point at which 
oscillation ceases, a value is reached at which oscillation occurs again. This is 
the start of another limited range of reflector potential within which oscillation 
is maintained. There are a number of such ranges and the frequency-reflector 
potential relationship for a reflex klystron has the form shown in Fig. 44. 
This also shows the dependence of power output on reflector potential; this 
has a flat maximum near the centre of each oscillation range and falls off near 
the extremes. Thus if the reflector is biased near the centre of a particular 
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range and a modulating signal is then applied, frequency modulation results 
and, provided the frequency excursion is kept small, the power output 
remains substantially constant, i.e. there is very little amplitude modulation. 
The way in which the slope of the frequency-potential curve varies with the 
effective Q of the resonator or the value of the external load connected to the 
resonator is illustrated in the curves of Fig. 45. 
It is possible that a required oscillation frequency may be outside the 
range obtainable by variation of reflector potential and there is usually 
another method of varying frequency, namely by physical deformation of the 
cavity resonator. This is illustrated in Fig. 46 for one type of reflex klystron. 
In this valve the upper grid of the resonator may be moved, against the 
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stiffness of a corrugated diaphragm, by a simple lever system operated by two 
bowed springs, joined top and bottom, which may be opened and closed by an 
adjusting screw. This adjustment varies the capacitance between the grids 
which is one of the principal factors governing the frequency of the resonator. 


The reflector consists of a metal disk, usually concave to the approaching 
electrons, held at a potential negative to that of the cathode. In early klystrons 
and in modern high-power types the potential difference between the resona- 
tor and the cathode may be 1 KV or more, usually with the resonator earthed. 
Small modern types, however, often operate with a potential difference of 
about 300 V; the cathode may then be at approximately earth potential and 
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the cad of the valve at a considerable positive potential so that care must be 
taken to avoid the possibility of shocks from the case. 
The frequency range of klystrons with internal resonators, such as those 
described above, is limited to approximately 10 per cent of the mid-band 
frequency. For example the frequency range might extend from 4,400 to 
4,800 Mc/s and a number of such klystrons with graded sizes of resonator is 
required to cover a wider frequency range. The number of valves required 
can, however, be greatly reduced by using klystrons designed to plug into 
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WAVEGUIDE 


external resonators. The resonator may take the form of a section of wave- 
guide, the resonance frequency of which can be altered over wide limits by 
movement of a plunger. The connections to the two grids of the valve are 
brought out to flanges which are similar to those of a disk-seal valve and make 
spring contact to the walls of the waveguide. 


4.4.1 
Use of Reflex Klystron in a Transmitter 
Fig. 47 is a simplified circuit of the final stages of a microwave transmitter 
and illustrates the use of a reflex klystron as a frequency-modulated oscillator. 
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The cavity resonator of the klystron is coupled to a section of waveguide 
by a co-axial line, the inner conductor of which projects into the wave- 
guide to act as a probe. The waveguide contains a piston so positioned 
as to give maximum transmission along the guide to the aerial which is 
commonly a paraboloid. Adjustment of the carrier frequency is by mechanical 
deformation of the resonator. The frequency of oscillation tends to drift with 
changes in temperature (causing expansion or contraction of the resonator) 
and the klystron is sometimes mounted in a thermostaticallycontrolled 
enclosure to minimise such drift. 
In general there are two methods of frequency-modulating a klystron 
oscillator, one in which the d.c. component of the modulating signal is 
retained and the other in which it is not. The circuit drawn is a type giving 
d.c. modulation, which is achieved by swinging the frequency from its 
unmodulated value in one direction only. The modulating signal assumed to 
be a video signal with positive-going sync pulses is applied to the grid of V1, 
the output of which is coupled by capacitor C2 to the reflector of the klystron. 
The d.c.-restoring diode V2 conducts on negative-going signals from V1 
anode and develops an output'across R2 opposing the signal in polarity. In 
this way the diode ensures that the sync level in the video signal has a constant 
voltage equal to that at the slider of R1. In such a modulation system the 
potentiometer R1 is adjusted so as to bias the reflector to one end of the linear 
portion of the frequency-potential characteristic of the klystron. The 
frequency excursions then occur along the linear part of the characteristic. It 
is essential to use this part of the characteristic not only to obtain distortion- 
free modulation but also to ensure maximum power output from the klystron. 
In an a.c. modulating system the d.c.-restoring diode, shown dotted in 
Fig. 47, is not needed and the frwuency is swung above and below the 
unmodulated value. In such a system R1 must be adjusted so that, with no 
modulation, the reflector voltage is near the mid-point of the linear part of the 
frequency-potential characteristic of the klystron. The reflector voltage at this 
point is near that required for maximum power output from the valve. 


4.4.2 
Use of Reflex Klystron in a Receiver 
Fig. 48 gives a simplified circuit illustrating the use of a reflex klystron in a 
superhet microwave receiver. The klystron V1 is coupled to a section of 
waveguide CD as in Fig. 47 and tuning is carried out by deformation of the 
klystron cavity resonator. The signal from the aerial (often a paraboloid) is 
transmitted along the waveguide AB which is coupled to CD via an aperture 
and also contains a crystal which acts as mixer. The crystal output contains 
a d.c. component registered by a micro-ammeter and an i.f. component which 
is amplified by an i.f. amplifier. The magnitude of the d.c. component is 
normally adjusted to a value which corresponds to the optimum value of 
signal/noise ratio ; this is achieved by varying the amplitude of the signal from 
the local oscillator to give a predetermined reading on the micro-ammeter. In 
the circuit illustrated in Fig. 48 the signal is received from the aerial along one 
section of waveguide and the signal from the local oscillator is received along 
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another section of waveguide. The local-oscillator output reaching the mixer 
crystal is controlled by adjustment of the degree of coupling between the two 
waveguides. The coupling is provided by an aperture in a wall common to 
the two waveguides and the degree of coupling is varied by moving a piston 
along one guide to cover up more or less of this aperture. Thus in this 
particular circuit the piston is placed to give the micro-ammeter reading 
which corresponds to the desired signal/noise ratio. 
There are, of course, other methods of controlling the amplitude of local- 
oscillator output fed to the crystal; for example the oscillator output can be 
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varied by adjustment of the h.t. voltage applied to the resonator of a reflex 
klystron, although this may result in some mistuning of the oscillator. 
The local-oscillator klystron may be mounted in a thermostatically- 
controlled enclosure to minimise frequency fluctuations due to temperature 
changes. Nevertheless the output from the crystal does vary about the if. 
value due to frequency fluctuations of the transmitter or local-oscillator 
klystron and to reduce such deviations, automatic frequency control (a.f.c.) 
may be employed. To obtain a.f.c. use is made of the d.c. component of the 
discriminator output : the polarity and magnitude of this component indicates 
the direction and extent respectively of the displacement of the frequency- 
changer output from the centre frequency of the i.f. passband. This com- 
ponent is returned as bias to the reflector electrode of the local-oscillator 
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klystron and has the effect of adjusting the oscillator frequency to minimise 
mistuning in the i.f. amplifier. As shown in Fig. 46, a.f.c. can be switched on 
or off; normally the frequency of the local oscillator is adjusted to the correct 
value by the mechanical tuning control with a.f.c. off. A.F.C. is then 
switched on to minimise the effects of subsequent drifts in local or transmitter 
oscillator. 
There is a tendency for the reflector in a klystron to take up a potential 
positive with respect to its cathode; this occurs as a result of secondary 
emission at the reflector which can lose more electrons by secondary emission 
than it gains from the cathode. This effect prevents normal operation of the 
valve and is eliminated by inclusion of the diode V2. This conducts if the 
reflector potential exceeds that of the cathode and effectively connects a low- 
value resistance across the klystron, thus preventing the development of a 
large positive voltage on the reflector. 
Some details of the performance of reflex klystrons are given in Appendix 3. 


The main differences between the twocavity and reflex klystrons arise 
from the fact that in the former the functions of cavity resonator and collector 
are separated while in the latter they are combined. The corresponding 
difference in power dissipation at the resonator tends to produce a greater 
temperature rise of the resonator, and therefore a frequency drift, in the 
reflex type. Moreover in klystrons in which the resonator has a flexible wall 
the frequency tends to change due to deformation of the resonator by 
variations in the atmospheric pressure. Thus it is usually desirable to use 
some form of automatic frequency control with reflex klystrons used as 
frequency-modulated oscillators. Because the functions of buncher and 
catcher are separated in the two-cavity klystron, its power efficiency is higher 
than that of the reflex type-15 
to 20 per cent in practice for the former 
whereas the efficiency of a reflex klystron is usually not more than 5 per cent. 
On the other hand, the two-cavity type is more difficult to adjust for optimum 
output because both cavities must be tuned and the drift time is controlled by 
the potential on the resonators. Frequency modulation is also more difficult 
with the twocavity type because the capacitance to earth of the resonators is 
greater than that of the reflector electrode of a reflex klystron. 
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5. CO-AXIAL LINE OSCILLATOR 


5.1 INTRODUCTION 
The principles employed in the co-axial line oscillator are similar to those 
of the two-cavity and reflex klystrons. An electron beam is fired along a path 
containing two gaps separated by a drift space but in the co-axial line 
oscillator both gaps are contained within a single cavity resonator. There is 
thus no control over the degree of coupling between the two gaps, as in the 
two-cavity klystron, and <he 
co-axial line oscillator has an 
effective feedback factor of 
unity. 
Electronic tuning is 
possible by varying the 
potential which accelerates the 
electron beam and a measure 
of 
mechanical 
tuning 
is 
achieved by loosely coupling 
the output of the valve to an 
additional 
cavity, 
the 
resonance frequency of which 
can be varied. The valve is 
used as a frequency-modulated 
oscillator in microwave trans- 
mitters and as a local oscillator 
in superhet microwave re- 
ceivers. 


5.2 PRINCIPLES 
OF OPERATION 
The principle of operation 
can be followed from Fig. 49 
which shows the construction 
adopted in one form of co- 
axial line oscillator. 
The 
cavity resonator is formed of 
a quarter wavelength section 
of co-axial line which is short- 


CONTROL SCREEN 


DRIFT 
- SPACE 


t 
COUPLED TO EXTERNAL 
CAVITY REMNATOR 


circuited at one end and open-circuited at the other. A certain fraction 
of the length of the line is modified by cutting a narrow slot in the outer and 
inner conductors. A flat beam of electrons is fired along the axis of this slot, 
the beam being generated in an electron gun comprising a heater, cathode, 
control grid and screen grid. The resonant line itself is also biased positively 
with respect to the cathode to aid in accelerating the beam which is finally 
collected by an anode. To improve focusing and enable most of the beam to 
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be collected by the anode, the valve is mounted between the jaws of a 
permanent magnet the field of which is aligned with the axis of the slot. The 
path traversed by the beam inside the cavity resonator contains two gaps 
separated by a field-free space (inside the centre conductor) which acts as a 
drift space. The electron path is thus similar to that of a twocavity klystron 
but in the co-axial line valve the two gaps are tightly coupled since they are 
part of the same resonator. Thus a voltage impressed on one gap at a 
frequency near the resonance of the cavity gives rise to an equal voltage at 
the other gap. 
Velocity-modulation occurs in the first gap with consequent bunching in 
the drift space and, by suitable adjustment of the drift time, sufficient energy 
can be abstracted from the beam at the second gap to maintain the voltage 
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at the first gap. Thus the valve oscillates at a frequency dependent on the 
drift time and on the characteristics of the co-axial line and the external 
resonator. If the drift time is varied, the frequency of oscillation changes, 
the mechanism of the effect being similar to that occurring in the reflex 
klystron. The frequency of the co-axial oscillator can thus be varied by 
alteration of one of the accelerating potentials (such as resonator potential) 
which control the drift time. 
In general the valve is designed to give a frequency-modulated output with 
the modulating signal applied to the resonator. This electrode has a greater 
capacitance than the reflector of a reflex klystron, and it cames a steady h.t. 
current, thus presenting a lower impedance to the modulator feeding it, than 
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the reflector of a reflex klystron. This implies that the valve required to 
frequency modulate a co-axial line oscillator must be larger than that needed 
for a reflex klystron. 
Variation of the positive resonator potential of a co-axial line oscillator 
has much the same effect as varying the negative potential of the reflector 
of a reflex klystron; that is to say oscillation occurs only over certain limited 
ranges of potential and near the centres of each range there is a region within 
which the frequency-potential curve is substantially linear. This electronic 
tuning has discontinuous coverage and, to obtain oscillation at any frequency 
within a reasonably wide band, an additional mechanical system of tuning is 
employed. One form this can take is illustrated in Fig. 50 which also shows 
the method adopted to couple the valve of Fig. 49 to a waveguide. 
The valve is mounted on the waveguide with the glass envelope projecting 
into the guide through a hole in one of the broad faces. It is secured to the 
guide by an annular copper flange which is integral with the outer conductor 
of the valve resonator and projects through the glass envelope. A probe is 
used to couple the valve to the guide, the probe being itself capacitively 
coupled to the centre conductor of the resonator. The probe projects into 
the guide between a piston and a diaphragm, these forming the boundaries of 
the additional resonator mentioned above. The resonance frequency of this 
cavity, and thus the frequency of the oscillator output, can be adjusted by 
longitudinal movement of the piston in the guide. The coupling between this 
cavity and the valve is made as weak as possible consistent with giving 
adequate mechanical tuning range. 
The diaphragm and screwed rod in Fig. 50 are impedance-transforming 
devices adjusted to transform the low impedance of the loaded waveguide 
into a value into which the valve can efficiently deliver power. 
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6.1 
INTRODUCTION 
The magnetron is a valve, generally used as a microwave oscillator, which 
has some features in common with the klystron and co-axial line oscillator 
but differs from them in having a magnetic field which plays an essential part 
in determining the electron paths. 
There are a number of types of magnetron valve but only one is described 
here, namely the travelling-wave or cavity magnetron. It is not suitable for 
amplitude or frequency modulation and is not used by the B.B.C. at the time 
of writing. The magnetron is, however, suitable for use in microwave links as 
a high-power pulse-modulated oscillator and is therefore mentioned here for 
sake of completeness. 
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6.2 PRINCIPLE 
OF OPERATION 
The principle of the cavity magnetron can be approached in the following 
way. Consider Fig. 51 which represents a diode valve situated within a 
uniform magnetic field assumed to be at right angles to the paper. Electrons 
released from the cathode are attracted towards the anode because of its 
positive charge but, in moving towards it, they are deflected by the magnetic 
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field. The deflecting force is at right angles to the electron velocity and the 
magnetic field (as shown in Fig. 52) and causes the electron to pursue curved 
paths such as those shown in Fig. 5 I(a). If the anode potential is reduced (or 
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the magnetic field increased) 
the electron path becomes more 
curved as shown in Fig. 51(b). 
In fact the electron in Fig. 51(b) 
only just succeeds in reaching 
the anode and a further reduc- 
tion in anode potential (or in- 
crease in magnetic field) causes 
the electron to return to the 
cathode as shown in Fig. 51(c). 
After reaching the cathode it 
again moves towards the anode 
but is again deflected by the 
magnetic field. Thus its motion 
takes the form of a series of 
loops. Further reduction in 
the anode potential causes the 
loops to become smaller as 
sho-wn in Fig. 51(6). Thus, for 
a given magnetic field, there is 
a certain value of anode potential below which anode current abruptly ceases. 
If the anode potential is set just below this value, anode current will be zero 
because all the emission is returned to the cathode by the magnetic field. A 
slight increase in anode potential will, however, cause anode current to leap 
to its full value. 
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Such an arrangement of magnetic and electric fields is used in a cavity 
magnetron but the anode potential is well below the critical value at which 
anode current flows. Some electrons do, however, reach the anode by virtue 
of the electromagnetic waves generated in the anode-cathode space. 
Supposean electromagnetic wave is introduced between anode and cathode, 
these electrodes behaving as the conductors of a waveguide or transmission 
line. The distribution of electric field in the wave can, of course, have many 
forms (as mentioned in the waveguide section) but the distribution we shall 
assume corresponds to Fig. 27 and is shown in Fig. 53, which shows the 
instantaneous distribution of electric field. The wave moves along the line at 
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a considerable velocity and we will assume the direction of motion to be to 
the right. This is also the direction in which electrons are deflected under the 
combined effects of the static electric and magnetic fields and, for proper 
operation of the magnetron, the lateral velocities of electromagnetic wave 
and electrons must be equal. (This implies that the wave must move with a 
velocity considerably less than that of light-say 
1/20 to I/lOth that of light 
- a n d methods of slowing a wave to this extent will be mentioned later). The 
effect of the dynamic electric field i.e. that of the travelling wave on the 
electron motion depends on the point of origin of the electron. 
If an electron is released from a point on the cathode such as A, where the 
electric field due to the wave is zero, it begins to form a loop, as in Fig. 54, but 
this carries it into a region where the dynamic field neutralises the static 
field and the electron is unable to complete its path back to the cathode. The 
energy which would have enabled the electron to complete the return journey 
is given to the wave. As the wave moves to the right, the electron again 
comes under the influence of the static field and begins a second loop. This 
again carries it into the retarding dynamic field and it is again momentarily 
halted, another increment of energy being added to the wave. So the process 
continues until the electron finally reaches the anode. The wave gains 
considerable energy from electrons following such paths. This energy is 
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derived indirectly from the h.t. source supplying the anode, because it is the 
static field due to the anode which gives these electrons the acceleration which 
is destroyed by the dynamic field. 
The behaviour of an electron released from a point such as B is quite 
different. This leaves the cathode under the action of the static field, is 
compelled to move to the right by the magnetic field and reaches an area where 
the dynamic field of the wave accelerates the electron back to the cathode, 
where it arrives with a velocity greater than that with which it left the cathode. 
Such an electron gains energy from the wave and releases it at the cathode. 
The energy given up to the cathode by electrons returned to it can cause a rise 
in temperature sufficiently great to damage it and, once oscillation is started 
in a magnetron the heater voltage is reduced or even cut off altogether, 
electronic bombardment giving sufficient energy to maintain the cathode at 
the required operating temperature. The energy lost from the wave in this 
way is less than that gained by the wave from electrons which reach the anode. 
Electrons such as that leaving B, which are capable of absorbing energy from 
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FIG. 54. Two TYPICAL 
ELECTRON 
PATHS IN A CAVITY 
MAGNETRON 
(A) FOR AN ELECTRON 
REACHING THE ANODE 
AND (B) FOR AN ELEC~RON 
RETURNED TO CATHODE 


the wave, are quickly removed from the anodecathode space, being returned 
at high velocity to the cathode; those which can give energy to the wave 
remain in the anode-cathode space for some time, performing numerous loops 
on their journey to the anode, each loop contributing a quota of energy to the 
travelling wave. 
As the wave moves to the right, it progressively gains energy from the h.t. 
supply. Thus a wave introduced into the anodecathode space at the left has a 
greater amplitude by the time it has reached the right. (This is similar to the 
principle of the travelling-wave amplifier described in the next section) and 
the magnetron can be made to oscillate if the output is coupled to the input. 
A co-axial line or other form of transmission line could be used for this 
purpose but a simpler method of coupling is to construct the anode and 
cathode in the form of a closed loop as shown in Fig. 55. 
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The wave generated in the magnetron circulates round the cathode and, for 
correct operation of the valve, must travel at a velocity equal to that of the 
electrons which are released 
from the cathode and are 
deflected by the magnetic field. 
The velocity of the wave is 
reduced by constructing the 
line in the form of a filter net- 
work. This consists of an even 
number of resonators of 
arbitrary shape which have 
narrow necks opening on to 
the line as shown in Fig. 56. 
If two LC circuits resonant 
at the same frequency are 
coupled together, the com- 
bination has two frequencies 
FIG. 55. LOOP FORM 
OF C~NSTRUCI~ON 
of peak response, i.e. has two 
ADOPTED IN THE C 
A 
~ 
MAGNETRON 
TO 
resonance frequencies. Simi- 
PROVIDE REGENERATION 
larly three similar coupled 
circuits have three resonance 
frequencies and a combination of six as in the cavity magnetron of Fig. 56 has 
six resonance frequencies. At each of these frequencies there is a particular 
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FIG. 56. FORM 
OF FILTER 
CONSTRUC~ON ADOPTED IN THE CAVITY 
MAGNETRON 
TO OBTAIN THE DESIRED LOW VELOCITY OF WAVE ~~RCULATION 


mode of oscillation with its characteristic pattern of potentials on the various 
segments. The tendency towards oscillation in an unwanted mode can be 


MICROWAVE VALVES 


reduced by connecting together two or more segments which would normally 
have markedly different potentials in that mode. By suitable strapping of 
sements it is thus uossible to favour one mode of oscillation and obtain a 
single frequency o<output. This strapping is visible in the photograph of 
Fig. 57. 
These straps cannot, of course, be regarded as short-circuits because their 
length is an appreciable fraction of a wavelength. They behave as reactive 
elements and have the effect of displacing the frequencies of unwanted modes 
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sufficiently far from the wanted operating frequency that satisfactory 
operation can be obtained. The only mode of operation normally used is 
termed the x-mode, there being x radians phase difference between the 
voltages on adjacent segments. 
The output of the valve may be taken from any of the cavities by means of 
a coupling loop as shown. The efficiency of the valve, i.e. the ratio of r.f. 
output power to the power drawn from the h.t. source, is quite high, between 
30 and 60 per cent according to the operating conditions and frequency. 
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7. TRAVELLING-WAVE TUBE 


7.1 INTRODU~ON 
This tube is a microwave amplifier employing an electron stream which is 
velocity modulated within an enclosure which may be regarded as a trans- 
mission line or waveguide. The principle has something in common with that 
of the magnetron but the travelling-wave tube is not in the form of a closed 
loop and the magnet system employed with the tube is for focusing purposes 
only. Because the capacitance of the tube is distributed along a line (and not 
concentrated in a gap as in the klystron) the travelling-wave tube has an 
enormous bandwidth (up to 1,000 Mc/s compared with the 40 Mcls obtainable 
with a klystron). 


7.2 PRINCIPLE OF OPERATION 
The tube relies for its amplification on the velocity-modulation which 
occurs in an electron beam travelling in the same direction and at the same 
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FIG. 58. PATIERN~OF 
ELECIRIC FIELD IN ONE MODE OF PROPAGATION 
OF AN ELECTRO- 
MAGNETIC WAVE ~ 
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G 
A WAVEGUIDE 


speed as an electromagnetic wave. The way in which this and the con- 
sequent bunching occur can be followed from Fig. 58, which shows the 
instantaneous distribution of electric field in a wave assumed to be travelling 
to the right in the transmission line or waveguide. Near the centre of the 
guide the electric field is parallel to the axis and to the electron stream. At 
some points such as A the field accelerates electrons in the direction of wave 
travel and at other points such as B the field slows them down. The effect is 
to gather the electrons into bunches as shown in Fig. 59. After bunching has 
occurred, there is no further relative motion between wave and the electron 
bunches, the two moving along as a fixed pattern and at a constant velocity. 
Although the pattern of bunches moves at constant velocity along the guide, 
individual electrons in the beam do not, of course, move at constant speed. 
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They are alternately decelerated and accelerated by the wave fields, lingering 
behind the field to form a bunch during deceleration and leaping forward to 
join the next bunch on acceleration. When it is decelerated an electron 
yields it kinetic energy to the wave; when it is accelerated it gains energy 
from the wave. As the electrons spend more time in retarding than in 


FIG. 59. BUNCHING 
PRODUCED BY THE WAVE PATTERN OF TWE PREVIOUS DIAGRAM 
IN AN 
ELECTRON STREAM MOVING IN THE SAME DIRECIION 
AND AT THE SPEED 
AS THE WAVE 


accelerating fields, the wave receives more energy from the electron stream 
than it gives to the stream, the energy being obtained indirectly from the kt. 
source supplying the tube anode. Due to the energy received, the amplitude 
of the wave grows as it moves along the tube, enabling the tube to function 
as an amplifier. 
To give a wave velocity equal to that conveniently obtainable in an electron 
stream, the centre conductor of the co-axial line may be coiled up as a helix 
as shown in Fig. 60. The electric field due to a travelling wave inside such 
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a helix has a distribution similar to that shown in Fig. 58. The wave travels 
along the conductor of the helix at the speed of light, the pitch of the helix 
being so chosen that the velocity along the axis of the helix is between 1120th 
and 1110th that of light for operation at convenient voltages. Alternatively 
the helix can be regarded as an inductanceloaded centre conductor of the 
line. The velocity of propagation of a wave along a transmission line is 
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proportional to I/Z/LC where L and C are respectively the inductance and 
capacitance per unit length and the velocity can thus be designed by adjust- 
ment of L, i.e. by control of the pitch of the helix. 
Fig. 60 shows the construction of a travelling-wave tube. An electron gun 
directs a beam of electrons along the axis of the helix, the final anode of the 
gun being at the same potential as the helix (usually earthed) and the collecting 
electrodes a few volts more positive. This produces within the helix a beam 
path in which the electrostatic potential gradient is small and in which the 
electrons move with an average velocity determined by the acceleration 
voltage of the electron gun (500v to 2kV). The helix is enclosed in a glass or 
metal envelope which forms part of the tube envelope. The electron beam is 
prevented from diverging by an axial magnetic field, usually produced by a 
solenoid. Encouraging results have been met, however, in attempts to use 
permanent magnet systems even though the beam length may be 1 foot 
or more. 
The r.f. power may be fed into and out of the tube either by a co-axial 
line or a waveguide. If a line is used its inner conductor is connected directly 
to the helix, while a waveguide is usually coupled by a probe. The bandwidth 
of the amplifier is limited mainly by these coupling circuits. 
One of the difficulties of the travelling-wave tube is that the forward- 
travelling wave is partially reflected at the junction of the helix with the 
output waveguide (or co-axial line) and a wave travelling backwards is so 
produced. The reflected wave component travels back into the input circuit 
where it is reflected and again amplified by the tube. This produces an 
'echo' type of distortion or, in an extreme case, can cause self-oscillation. 
These effects are reduced by including an attenuating pad in the helix 
structure although this also reduces the forward gain of the tube. 
The gain of the amplifier increases with the number of wavelengths in the 
drift space and, for a given tube, tends to increase with frequency. On the 
other hand as the frequency is increased, the waves travelling along the wire 
of the helix follow its surface more closely and the coupling between the waves 
and the beam becomes weaker. The net result is that the gain tends to be 
independent of frequency over a very wide band. 
The gain of the amplifier decreases as the input power level is raised and 
for large inputs the output tends to be constant. This makes the tube unsuit- 
able for power amplifications of amplitude-modulated signals. The non- 
linearity may be put to good purpose by using the tube as a frequency 
changer. It is, however, possible to frequency-modulate a plain carrier 
input to the tube by signals applied to the electron gun. 
A low-noise amplifier tube may have a gain of 15 db which opens up 
possibilities of r.f. amplification in microwave superhet receivers. Other 
types, although more noisy, have gains up to 30 db and can be used as repeater 
amplifiers in microwave links. 
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EFFECT 
OF FINITE 
TRANSIT 
TIME 
ON THE INPUT IMPEDANCE 
OF A VALVE 
If a sinusoidal input voltage given by 


v = vcosot 


and at a low frequency is applied between grid and cathode of a valve 
amplifier, the intensity of the electron stream varies substantially instan- 
taneously with the grid voltage v. The electron stream impresses a charge q 
upon the grid which is also virtually in phase with the grid voltage. A circuit 
in which the charge is in phase with the voltage possesses capacitance C 
given by q/v and the current is given by 


which is 90 degrees ahead of the voltage in phase. Thus the effect of the 
electron stream at low frequencies may be regarded as capacitive loading on 
the grid-cathode circuit and is illustrated in Fig. 61 (a). 


FIG. 61. PHASE RELATIONSHIP BETWEEN VOLTAGE. CURRENT 
AND CHARGE IN THE GRID 
Cmcurr OF A VALVE (a) WHEN TRANSIT TIME IS NEGLIGIBLE 
AND (6) WHEN IT IS APPRECIABLE 


Since the electrons have finite velocities and times of flight, the peak of 
induced charge lags behind the peak of voltage by a time interval T which 
depends mainly on the steady accelerating voltages and the gridcathode 
spacing. To the first order of approximation the phase angle between the 
voltage and charge curves is given by 


The voltage V cos ot is associated with a current of the same amplitude as 
before but delayed by a phase angle +. Thus, as shown in Fig. 61 (b), the 
current at any instant has the value which would have applied at a time 4/o 
earlier if the transit time had been zero. The current is given by 
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Of these two terms, the first corresponds to a current in quadrature with the 
applied e.m.f. and indicates a load due to a capacitance of C cos 4 . The 
second term corresponds to a current in phase with the applied e.m.f. and 
indicates resistive loading. The resistance is given by the ratio of voltage 
to current, i.e. 
v cos of 


wq cos wt sin 4 


but q is proportional to V and practically independent ofw. Thus the resistive 
term is proportional to l/w sin 4. For small values of 4 this is approximately 
equal to l/w+, i.e. l/waT since 4 = wT. Hence, for a given transit time T, the 
input impedance of a valve has a parallel resistive term inversely proportional 
to the square of the frequency. 
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RELATIONSHIP 
BETWEEN FREE-SPACE 
VELOCITY AND GROUP VELOCITY FOR 
AN ELECTROMAGNETIC 
WAVE IN A WAVEGUIDE 


FIG. 62. WAVE PATTERN 
FOR AN EM WAVE IN A GUIDE 


From ABC 
h = hgsin8 


X 
giving h , = - . , 
sin 8 


In CDE we have DE = A,j4 and CD = bj2. Thus 


2b 
giving tan 8 = - 
A, 


Substituting for A, from (1) 


26 
tan 0 = - sin 8 
h 


h 
giving cos 0 = - 
2b 
" 


from which sin 8 = 1/(1 - msa 0) = z/[l - (h/2b)'] 
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From (1) 
'h 
A, = - 
sin 0 
- 
- 
i\ 
2/[1 - (A/ajq . . 
. . 
. . 
. - 
(3) 


The group velocity is, from Fig. 26 in the text, given by 


v = c sin 0 


= cd[l - (AI2b)'l 
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SOME DETAILS OF MICROWAVE VALVES USED BY 
THE BBC 
DISK-SEAL TRIODES 
1. G.E.C. E2196 
This small triode, illus- 
trated in Fig. 63, has a 
useful frequency range ex- 
tending to 3,000 Mc/s and 
the following are typical 
details of its performance 
as an amplifier at 2,000 
Mc/s. At an anode current 
of 28 mA and at an h.t. 
voltage of 300, it gives an 


Output of 500 mW for an 
FIG. 63. PHOTOGRAPH 
OF DISK-SEAL 
TRIODE 
input of 100 mW, the gain 
TVPE E2196 
being 7 db. 
2. G.E.C. E2287 
This is a larger triode fitted with cooling fins and is illustrated in Fig. 64. 
Its useful frequency range extends to 2,000 Mc/s and as an amplifier at this 


frequency gives 5.4 watts output for an input of 0.75 watt, the gain being 
8.6 db. Under normal operating conditions the anode current is 100 mA 
and the anode potential 500 volts. 
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REFLEX KLYSTRONS 
3. E.M.I. R6015 
This valve is chiefly used as a local oscillator in receivers. It has a frequency 
range of 4,4004,800 Mc/s and can give up to 300 mW output with a resonator 
potential of 250 volts and a resonator current of 50 mA. The deviation 
sensitivity is between 0.2 and 2.2 Mc/s per volt change in reflector potential. 
The valve is illustrated in Fig. 65. 


FIG. 65. PHOTOGRAPH 
OF REFLEX KLYSTRON TYPE 
R6015 


4. E.M.I. R6010 
This valve, illustrated in Fig. 66, is similar to the R6015 but is fitted with 
fins and is air-blast cooled to enable it to handle larger power. It is used as a 
frequency-modulated oscillator for a transmitter. The frequency range is 


4,4004,800 Mc/s and the output power is 4 watts with a resonator current 
of 143 mA and a resonator potential of 700 volts. The deviation sensitivity 
is between 0.2 and 0.7 Mc/s per volt change in reflector potential. 
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5. R.C.A. 2K26 
This is a small valve with a power output of approximately 100 mW used 
as a frequency-modulated oscillator for a transmitter or as the local oscillator 
in a receiver. The frequency range is 6,250-7,060 Mc/s and under typical 
operating conditions the resonator current is 25 mA and the resonator 
potential 300 volts. The sensitivity, i.e. the change in frequency for a given 
change in reflector potential is between 1-7 and 2.0 Mc/s per volt. The valve 
is illustrated in Fig. 67. 


-AXIAL 
LINE 
OSCILLATOR 
6. S.T.C. V247C/lK 
This valve is used as transmitter and receiver oscillator on various micro- 
wave links. It gives a power output of approximately 250 mW with an anode- 


cathode potential of 300 volts and a cathode current of 50 mA. The frequency 
range is 4,4004,480 Mc/s and the deviation sensitivity from 0-25-0-5 Mc/s 
per volt. The valve is illustrated in Fig. 68. 
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